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A FEASIBILITY STUDY O F  

HEAT-PIPE -COOLED LEADING EDGES 

FOR  HYPERSONIC CRUISE AIRCRAFT 

By Calvin  C.  Silverstein 
Engineering  Consultant 

SUMMARY 

A theoretical  study of the  use of heat  pipe  structures  for  cooling  the  lead- 
ing  edges of hypersonic  cruise  aircraft   was  carried out.  In  the  basic  cooling 
concept, a continuous  isothermal  heat  pipe  structure  covers  the  leading  edge, 
a portion of the  lower wing surface, and a portion of the  upper  wing  surface. 
Aerodynamic  heat  is  absorbed at the  leading  edge  and  lower  wing  surface  and 
transported  through  the  heat  pipe  structure  to  the  upper wing surface,  where 
it is rejected by thermal  radiation. 

Parametr ic   s tudies  of length  and  heat  load  for  the  heat  pipe  cooling 
s t ructure   were  performed  for   the following  range of variables:  Mach  number, 
6 to 12;  wing  sweepback  angle, 0"  to  75";  leading  edge  radius,  0.25  to 24 in. ; 
and  heat  pipe  vapor  temperature, 1340 to  1940" F. 

Preliminary  design  studies  were  carried  out  for a Mach  8,  65"  sweepback 
wing  with a 0.5-in.  leading  edge  radius.  The  heat  pipe  cooling  structure  for 
this  case  had a chordwise  length of 33  in., a weight of 2.5  lb/ft2 of surface 
area,  and  operated at a maximum  (stagnation  line)  temperature of 1578 " F. 
Additional  design  studies  were  carried  out  for  leading  edge  radii of 0.25  and 
1 in. , and  for  Mach 10 flight. 

The  transient  behavior of the Mach  8,  65 " sweep  angle, 0. 5-in. leading 
edge  radius  design  was  studied  during the climb  to  cruise  altitude  and  speed. 
A maximum  transient  temperature of about  1700" F was  experienced  by  the  heat 
pipe  cooling  structure.  Some  conditions  which  could  possibly  interfere  with 



cooling  during  the  transient  climb  period  were  identified.  However,  these 
conditions  could  be  avoided  by  the  adoption of relatively  minor  design  changes. 

It was  concluded that heat  pipe  cooling is a feasible,  attractive  technique 
for  limiting  maximum  leading  edge  temperatures of hypersonic  cruise  aircraft. 

INTRO DUC TION 

The  design of air-breathing  aircraft  for  extended  flight at hypersonic 
speeds  will  require  the  solution of unprecedented  structural  and  materials 
problems  (ref. 1). Of particular  concern  are  the  leading  edges of the  aircraft  
wing, tail, engine  nacelles,  and  fuselage.  Temperatures at these  regions of 
maximum  aerodynamic  heating  may  easily  exceed  the  maximum  temperature 
limits of available  structural   materials i f  provision  is  not  made  for  removal 
and  dissipation of the  absorbed  heat. 

This  report  explores  the  feasibility of a technique  for  cooling  the  leading 
edges of hypersonic  aircraft  which is based on the  principles of the  heat  pipe. 
The  heat  pipe is a structure which,  by  virtue of its  internal  construction,  has 
the  capability  for  transporting  heat at high rates over  appreciable  distances 
while  remaining  relatively  isothermal  and  without  the  need  for  external  pump- 
ing. By employing  heat  pipe  design  principles  and  radiative  cooling, it may be 
possible  to  devise a completely  passive  cooling  system  with  the  capability of 
restricting  peak  leading  edge  temperatures  to  levels  which  are  compatible  with 
the  temperature  l imits of nickel-  and  cobalt-base  superalloys. 

The  basic  design  concept  for a heat-pipe  -cooled  leading  edge  is  described 
first.  Then,  design  factors  essential  to  an  understanding of heat  pipe  operation 
are  discussed. Next,  heat  pipe  lengths  and  heat  loads  required  for  leading  edge 
cooling are  presented  for a wide  range of cruise  Mach  numbers, wing  leading 
edge  radii, wing  sweepback  angles,  and  operating  temperatures.  Preliminary 
design  studies of heat-pipe-cooled  leading  edges  for  several  specific  design 
conditions are  then  described. An analysis of system  transient  response  during 
the  climb  to  cruising  altitude  and  speed  follows. In the  final  section of the 
report,  the  feasibility of heat-pipe  -cooled  leading  edges is evaluated.  Detailed 
calculational  methods,  relevant  design  data,  and  suggestions  for  an  experimental 
program  to  resolve  areas of design  uncertainty  are  included  in  the  Appendixes. 
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BASIC  DESIGN CONCEPT 

While  the  leading  edge of a hypersonic  aircraft wing must  be  cooled  in 
order  to  avoid  excessive  temperatures,  cooling  is  generally  not  required  for 
portions of the wing surface  aft of the  leading  edge. In the  basic  concept  for 
heat  pipe  cooling,  then, a continuous  heat  pipe  structure  covers  the  leading 
edge  and a portion of the  adjacent wing surface.  (See  figure 1 .) Heat is 
transported  along  the  heat  pipe  structure  from  the  leading  edge of the wing to 
the aft section,  and  then  radiated  to  the  environment  from  the  surface of the 
structure.  In  order  to  dissipate  the  heat  by  radiation,  the  heat  pipe  tempera- 
ture  must  exceed  the  radiation  equilibrium  temperature of the  wing  surface 
aft of the  leading  edge.  The  radiation  equilibrium  temperature  is  the  tempera- 
ture   assumed by  the  wing  surface  when  the  heat  rejection  rate by radiation  is 
equal  to  the  heat  input  rate due to  aerodynamic  heating.  Since  radiation  equili- 
brium  temperatures  on  the  upper wing surface  are  smaller  than on the  lower 
surface,  the  rejection of heat  is  more  readily  accomplished  from  the  upper 
wing surface.  Hence,  the  heat  pipe  structure  preferably  extends  along  the 
upper wing surface. 

From  the  structural  standpoint, it is  desirable  that  the  nose  section  be 
relatively  isothermal.   Thermal  stresses  arising  from  temperature  differentials 
between  the  upper  and  lower  wing  surfaces  are  then  minimized. With heat  pipe 
cooling,  the  desired  isothermal  nose  section  is  readily  achieved by extending 
the  heat  pipe  structure  over a portion of the  lower wing surface, as is shown in 
figure 1 .  Then, if the  heat  pipe  temperature  is  greater  than  the  radiation 
equilibrium  temperature of the  lower wing surface,  additional  heat  dissipation 
capability  will  result. On the  other  hand, i f  the  heat  pipe  temperature  is  less 
than  the  lower  surface  radiation  equilibrium  temperature,  an  additional  heat 
pipe  heat  load  will  result. 

The  heat  pipe  coohng  structure  can  be  confined  to a thin  layer  near  the 
surface,   as  is  shown  in  figure 1 ,  or,  for  thin wing sections,  the  structure  can 
extend  through  the  entire wing interior. The internal  composition  is  shown  in 
section A-A of figure 1 .  An enclosure  is  formed by the  aircraft  skin,  an  in- 
ternal  skin,  and  supporting  ribs.  The  interior  surface  is  lined  with a porous 
layer  called a capillary  wick.  The  capillary  wick  is  saturated  with a liquid 
whose  vapor  pressure  at  the  desired  operating  temperature  is  neither  excessively 
high  nor  low.  The  interior  space  is  filled  with  the  saturated  vapor of the  liquid, 
a t  a pressure  equal  to  the  vapor  pressure. At the  leading  edge  (and  along  the 
lower wing surface i f  the  heat  pipe  temperature  is  less  than  the  lower  surface 
radiation  equilibrium  temperature),  heat  is  conducted  through  the  skin  and  the 
capillary  wick  to  the  liquid-vapor  interface,  causing  liquid  to  evaporate.  The 
vapor  formed  travels  through  the  vapor  space  and  condenses on the  wick  along 
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Section A-A (enlarged) 

r Heat pipe cooling structure 

Typical wing cross-section of hypersonic 
cruise aircraft (not  to scale) 

Figure 1 .  Basic  design  concept  for  heat-pipe  -cooled  leading  edge. 

the  upper  wing  surface  (and  also  along  the  lower wing surface if the  heat  pipe 
temperature  exceeds  the  lower  surface  radiation  equilibrium  temperature). 
The  condensate  returns  to  the  leading edge  by  flowing through  the  capillary  wick. 

In a properly  designed  heat  pipe,  the  vapor  temperature  is  virtually  con- 
stant  over  the  entire  heat  pipe  length.  However,  finite  temperature  gradients 
are  necessary  to  conduct  heat  across  the  thickness of the wing skin  and  the 
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capillary  wick.  Thus,  the  outer  surface of the  skin  will  be  hotter  than  the 
vapor at heat  input  zones  and  colder  than  the  vapor at zones of heat  rejection. 
The maximum temperature  occurs at the  stagnation  line  along  the  leading  edge, 
since  the  heat flux is greatest   there.  

The  heat  pipe  cooling  structure is divided  by  the  supporting  ribs  into 
individual  cells,  each of which  can  function  independently of the  others.  The 
rib  spacing  will  be  determined  by  allowable  deformation  and/or  stress  in  the 
skin  which  results  from  internal  (vapor)  or  external  (atmospheric)  pressure. 
The  r ibs  may be  oriented  either  normal  to  the  leading  edge 0.r in  the  chordwise 
direction,  as  shown  in  figure 2 .  The chordwise  orientation  requires  longer, 
but  fewer  ribs.  The  chordwise  orientation  also  permits  the  heat  pipe  cooling 
structure  to  extend  all  the  way  to  the  fuselage.  With  the  normal-to  -leading - 
edge  orientation, a portion of the  leading  edge  adjacent  to  the  fuselage  will  be 
unprotected. 

The  normal-to  -leading  -edge  orientation is advantageous  for  swept  wings 
when  the  aircraft is subjected  to  longitudinal  acceleration,  as  will  be  the  case 
during  the  climb  phase of a flight.  Then  the  liquid  column  in  the  capillary  wick 
will  be  subjected to a smaller  liquid  static  pressure  head  because of the  smaller 

Fliclht 
di 
Flight 
direction 

Cells oriented along 

chordwise 
direction 

Figure 2 .  Orientation of cells  in  heat  pipe  cooling  structure. 
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component of acceleration  along  the  liquid  column  and  the  shorter  column 
length.  The  smaller  static  head  facilitates  the  internal  design of the  heat  pipe 
cooling structure.  

The  length of each  cell of the  structure  and  its  heat  transport  load  can 
be  determined  solely  from  aerodynamic  heating  and  thermal  radiation  con- 
siderations,  without  concern  for  internal  thermal  and  fluid  flow  processes. 
The  operating  temperature of the  heat  pipe  cooling  structure  will  be  established 
by a reasonable  balance  between  material  strength and  oxidation  characteristics, 
which  degrade  as  the  temperature  increases,  and  heat  pipe  length,  which  de- 
creases  with  an  increase  in  temperature.  However,  in all cases  the  operating 
temperature  must  exceed  the  radiation  equilibrium  temperature on the  upper 
surface of the wing. 

The  determination of cell  dimensions  normal  to  the wing surface, as well 
as  details of internal  construction,  requires  familiarity  with  heat  pipe  design 
techniques  and  operating  characteristics.  Those  techniques  and  characteristics 
which are  relevant  to  the  use of heat  pipes  for  leading  edge  cooling  are  dis- 
cussed  next. 

HEAT PIPE DESIGN FACTORS 

In this  section  the  principal  factors  which  are  involved  in  the  design of 
heat  pipes  are  discussed,  with  emphasis on their  relevance  to  heat-pipe-cooled 
leading  edges.  These  factors  include:  internal  fluid  pressures,  the  heat  pipe 
fluid,  heat  pipe  materials,  the  heat  pipe  wick,  heat  transport  limits,  environ- 
mental  effects,  and  startup  behavior. 

Internal  Fluid  Pressures 

As shown in  figure 3 ,  the  heat  pipe  is a closed  hollow  structure  whose 
interior  surface  is  lined  with a layer of porous  material  called a capillary  wick. 
An appropriate  heat  pipe  liquid  fills  the  pores of the  wick,  and  vapor  occupies 
the  remaining  internal  volume.  The flow of vapor  and  liquid  during  heat  trans - 
port   results  in  pressure  drops  in both  phases.  The  vapor  pressure  drop  has 
two components:  that due  to momentum  generation  and  that due to  friction. The 
liquid  pressure  drop  is due t o  friction  and, if  the  heat  pipe  is  inclined  or  subject 
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Figure 3. Cross  -section of typical  heat  pipe. 

to  acceleration, a static  liquid  head. Depending  on  which  end is  inclined o r  
the  direction of acceleration,  the  static  liquid  head  may  increase  or  decrease 
the  overall  pressure  drop in the  liquid  phase. 

Figure 4 shows  the  pressure  distribution  for  the  case  when  the  evaporator 
(heat  input)  section is above  the  condenser  (heat  rejection)  section.  It  can  be 
seen  that   at  a given  point  along  ,the  heat  pipe,  the  vapor  pressure  exceeds  the 
liquid  pressure.  The  pressure  difference  between  the  vapor  and  liquid  is a 
maximum  at  the  beginning of the  evaporator  section.  The  pressure  difference 
is  balanced by surface  tension  forces at the  liquid-vapor  interface  in  the  wick 
pores.  The  interface  must  be  curved  such  that  the  surface  tension  force  will 
have a component  toward  the  phase  with  the  highest  pressure. 

It can  be  seen  from  figure 4 that  the  maximum  pressure  difference  to be 
balanced by surface  tension  is  equal  to  the  sum of the  vapor  and  liquid  pres  sure 
drops.  Usually,  the  fractional  pressure  drop  in  the  saturated  vapor  is so small  
that  the  associated  change  in  the  vapor  temperature  is  negligible.  The  heat 
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Figure 4. Fluid  pressure  distribution  in  heat  pipe. 

8 



pipe  may  then be regarded as isothermal,  although  significant  temperature 
differences m a y  develop  across  the  thickness of the  heat  pipe  wick  and  wall if 
the  input  or  output  heat flux is large.  

Heat  Pipe Fluid 

The  initial  consideration  involved  in  selection of a heat  pipe  fluid is the 
expected  operating  temperature.  For  the  leading  -edge  -cooling.  application,  the 
heat  pipe  temperature is expected  to  lie  within  the  range of 1340 to  1940" F. 
Once  the  operating  temperature  has  been  determined,  attention  should  be 
focused on those  fluids  whose  vapor  pressures  at  the  operating  temperature  lie 
in  the  range of roughly 1 to 100 psia.  Below 1 psia,  the  heat  transport  capacity 
per  unit cross  -sectional  area  may be so small  that  heat  pipe  cross  -sections 
become  impractically  large.  Above 100 psia,  the  heat  transport  capacity  will 
be  increasingly  limited  in  order  to  prevent  the  initiation of disruptive  boiling 
at  the  heat  input  section of the  wick,  and  relatively  thick  heat  pipe  walls  may 
be  needed  to  prevent  excessive  stresses. 

In the  temperature  range of interest,  the  liquid  metals  sodium,  potassium, 
and  cesium  are  the  prime  candidate  heat  pipe  fluids.  Lithium m a y  be  a marginal 
choice  near  the  upper  temperature limit. 

Heat  Pipe  Materials 

The  heat  pipe  wall  and  wick  must  be  compatible  with  the  heat  pipe fluid,  
and  should  preferably  be  fabricated  from  the  same  material. In  addition,  the 
wall   material   must be compatible  with  the  environment in which  the  heat  pipe 
will  operate.  The  wall  material  must  also  possess  adequate.strength  and  stiff- 
ness  at the  heat  pipe  operating  temperature. 

Sodium,  potassium,  and  cesium  are  compatible  with  nickel-  and  cobalt- 
base  superalloys,  while  lithium  requires  refractory  metal  containment.  Special 
precautions  must  be  taken  to  minimize  the  presence of oxygen,  since  the  oxides 
of the  liquid  metals  can  be  quite  corrosive..  Since  the  superalloys,  including 
RenC 41  and  Haynes 25, are   character ized by  good strength  and  oxidation  re- 
sistance  over at least   par t  of the  temperature  range of interest,  materials  will 
probably  not  represent a major  restriction on the  use of heat  pipes  for  cooling 
the  leading  edges of hypersonic  aircraft. 
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Wick  Types 

Three  basic  wick  types  may be  used  in a heat pipe:  the  single-layer  or 
homogeneous  wick, the two-layer  or  two-component  wick,  and  the  artery. 
These  wick  types  are  i l lustrated  in  f igure 5. The  single-layer  wick is a re la -  
tively  homogeneous  porous  structure,  with  essentially  the  same  mean  pore 
size  in  both  the axial and  radial  directions.  Since a small pore  size is desir  - 
able  in  order  that  large  differences  between  the  vapor  pressure  and  liquid 
pressure  can be balanced by surface  tension at the  liquid-vapor  interface,  while 
a large  pore  size is desirable  to  minimize  the  pressure  drop  in  the  liquid  con- 
densate,  the  use of a single-layer  wick  inevitably  compromises  heat  pipe  per- 
formance.  Single-layer  wicks are best  suited  for  situations  where  the  heat 
load  is  relatively  light  and/or  heat  pipe  weight  and  volume  are  not  overriding 
considerations. 

With  the  two-layer  wick,  the  dual  wick  functions of flow  path  for  the 
returning  condensate  and  surface  tension  barrier  between  the  liquid  and  vapor 
are  completely  separated. A coarse-pored  layer  adjacent  to  the  heat  pipe  wall 

Homogeneous, 
liquid-filled, 
porous  layer 

r Vapor space 

Single-layer  wick Two-layer  wick  Artery  wick 

Figure 5. Basic  wick  types  for  heat  pipe. 
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provides a low-resistance  axial  flow  channel  for  returning  condensate,  while 
a fine-pored  layer  adjacent  to  the  vapor  space  provides  the  necessary  surface 
tension  barrier  between  liquid  and  vapor.  The  pore  size  in  each  layer  can  be 
independently  varied  to  maximize  heat  transport  capacity  for a given  situation. 
For maximum performance,  the  outer  wick  layer  is  completely  devoid of 
porous  material,  in  which  case a completely  open  channel  is  provided  for  the 
return flow of condensate.  Two-layer  wicks  are  generally  characterized by 
small  wick  thickness  and good heat  transport  capability.  They  are  preferable 
in  situations  where low heat  pipe  weight  and  volume  are  important  considerations. 

The  artery  wick  is   really a variation of the  two-layer  wick  with  an  open 
flow  channel.  Instead of using a layer  next  to  the  heat  pipe  wall  as  the  flow 
channel, a porous  -walled  tube  or  artery  which  extends  into  the  vapor  space  is 
used.  Condensate  formed at the  heat  removal  zone  flows  circumferentially  to 
the  artery  through  the  fine-pored  layer  adjacent  to  the  heat  pipe  wall,  then 
axially  along  the  artery  to  the  heat  input  section,  where it flows circumferentially 
from  the  artery  and  is  re-evaporated.  Because of its  more  favorable  geometry, 
the  artery  requires  less  volume  than  an open  flow  channel  along  the  wall  for  the 
same  liquid  pressure  drop.  However, i f  the  liquid  column  in  the  artery  should 
be  disrupted,  refilling of the  artery  may be  difficult  because of the  small  cap- 
i l lary  force which  can be developed  in a tube of significant  diameter.  Also, 
fabrication of the artery  wick m a y  be  difficult  for  small  heat  pipe  cross  -sections. 

The  porous  material  for  the  single - or  two -layer  wicks  may  be  fabricated 
from  any  material  which  is  compatible  with  the  heat  pipe  fluid. Depending  on 
the  requirements of a particular  application,  wicks  may be fabricated  from 
layers  of wire  screening,  sintered  metal  fibers,  or  sintered  metal  powder. 
The  wick  may  also  be  formed by  cutting small  axial  grooves  into  the  heat  pipe 
wall. 

Heat  Transport  Limits 

For  a given  heat  pipe  operating  at a given  temperature,  there  is a maxi- 
mum heat  transport  rate,  called  the  heat  transport  capacity, beyond  which 
normal  heat  pipe  operation  will be disrupted. At least  five  physical  phenomena 
have  been  identified  which  can  interfere  with  normal  heat  pipe  operation.  The 
heat  transport  rate  at  which a given  phenomenon  comes  into  play  is  called  the 
heat  transport  limit for that  phenomenon. At a given  operating  temperature, 
the  heat  transport  capacity  is  equal  to  the  lowest  heat  transport limit at   that  
temperature. The  five  heat  transport  limits  are:  the  sonic limit, the  isothermal 
limit, the  entrainment limit, the  capillary  pumping limit, and  the  boiling limit. 
The first  four  limits  are  increasing  functions of temperature,  while  the  boiling 
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limit is a decreasing  function of temperature.  The  phenomena  associated 
with  each  heat  transport limit will now be  described.  More  detailed  informa- 
tion  on  heat  transport  limits in liquid  metal  heat  pipes  can  be found in 
reference 2. 

Sonic limit. - As  the  heat  input  rate  incrbases,  the  vapor  flow  rate  leav- 
ing  the  evaporator  section of a heat  pipe  increases  in  proportion. When  the 
velocity of the  vapor  leaving  the  evaporator  becomes  equal  to  the  sonic  velocity, 
the  ra te  of vapor  flow  into  the  condenser  section  will  no  longer  increase  with 
an  increase  in  the  heat input rate.  With  any  further  increase in the  heat  input 
ra te ,   the   ra te  of evaporation  from  the  wick  will  exceed  the  rate of liquid  re - 
plenishment  by  returning  condensate,  the  wick  will  dry  out,  and  the  evaporator 
temperature  will  rise  rapidly.  The  heat  transport  rate at which  vapor  leaving 
the  evaporator  reaches  sonic  velocity  is  called  the  sonic limit. 

The  sonic limit is  the  highest  heat  transport  rate  which  is  physically 
achievable in a heat  pipe,  and  can be quite  large.  For  example,  the  sonic 
limit in sodium  heat  pipes  at  1500" F i s  about 93 Btu/sec/in2 of vapor  space 
cross  -sectional  area  (ref.  2 ) .  At 1700" F ,  the  sonic limit r ises   to  265  Btu/ 
sec/in2 of vapor  space  cross  -sectional  area. 

At  the  sonic limit, there  is  an  appreciable  axial  temperature  drop  along 
the  evaporator  section of a heat  pipe, of the  order of 100" F to 200 " F. 
Consequently, a heat  pipe would not  be  designed  to  operate at the  sonic limit 
where  heat  transport  under  relatively  isothermal  conditions  is  important. 
However,  the  sonic limit is  frequently  encountered  during  the  startup  phase of 
heat  pipe  operation. 

Isothermal limit. - The isothermal limit is  the  highest  heat  transport 
rate  for  which  the  temperature  drop  along  the  heat  pipe  axis  does  not  exceed 
some  prescribed  allowable  maximum  temperature  drop. The isothermal  limit 
is  not a limit in  the  sense  that  heat  pipe  operation  will  be  disrupted if  it should 
be.  exceeded.  Nonetheless, it i s  a useful  concept  for  design  situations  where 
isothermal  heat  transport  is  important. 

In many  applications,  an axial temperature  drop of 10" F to 20" F would 
be  tolerable.  For  these  cases,  the  isothermal limit would  be  about 50 per  cent 
of the  sonic limit. However,  the  isothermal limit could  be  appreciably  smaller 
i f  the  vapor  pressure  drop  due  to  friction  were  to  significantly  exceed  the  vapor 
pressure  drop  due  to  momentum  generation  in  the  evaporator  section,  as  could 
occur  in a heat  pipe  with a large  length/diameter  ratio. 

Entrainment limit. - Since,  in a heat  pipe,  the  heat  pipe  vapor  and  liquid 
are  in  direct   contact,   the flowing vapor  exerts a drag  force  on  the  adjacent 
liquid.  The  drag  force  is  resisted by surface  tension at the  liquid-vapor  inter- 
face. When the  vapor  velocity  is  sufficiently  large,  the  drag  force  will  exceed 
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the  restraining  force of surface  tension,  and  liquid  will  be  entrained  in  the 
vapor.  The  liquid  which  is  entrained will reduce  the  rate at which  the  evap - 
orator  section of the  wick  can  be  replenished  by  returning  condensate,  leading 
to  wick  dryout  and  overheating of the  evaporator  section.  The  heat  transport 
ra te   a t  which  entrainment  first  occurs  is  called  the  entrainment limit. The 
entrainment limit is  affected by the  size of the  wick  pores at the  liquid-vapor 
interface  as  well   as by properties of the  heat  transport  fluid.  The  smaller  the 
wick  pores,  the  larger is the  entrainment limit. 

Capillary  pumping limit. - The  capillary  pumping limit is related  to  the 
fundamental  operating  principle of heat  pipes,  and  historically  was  the  first 
recognized  limitation  on  heat  pipe  heat  transport.  During  heat  pipe  operation, 
a difference  develops  between  the  vapor  pressure  and  liquid  pressure at a 
given  point  along  the  heat  pipe  axis.  This  pressure  difference is balanced by 
the  surface  tension of the  curved  liquid-vapor  interface  in  the  wick  pores. As 
the  heat  input  rate  increases,  the  pressure  difference  between  vapor  and  liquid 
increases.  The  curvature of the  liquid-vapor  interface must decrease so  that 
a larger  component of the  surface  tension  is  available  to  offset  the  increased 
pressure  differential .  

If the  heat  pipe  liquid  is  fully  wetting,  as  is  usually  the  case  with  the 
liquid  metals,  the  minimum  possible  radius of curvature of the  liquid-vapor 
interface  is  equal  to  the  effective  radius of the  wick  pores.  The  heat  transfer 
rate  at  which  the  radius of curvature  is  equal  to  the  pore  radius  is  called  the 
capillary  pumping limit. If the  heat  transport  rate  is  increased  further,  pres- 
sure  equilibrium  can no longer be maintained  in  the  radial  direction,  the  liquid- 
vapor  interface  will be destroyed,  and  the  evaporator  section  will  overheat. 
The  capillary limit can  be  increased  by  reducing  the  resistance  to  liquid  and/or 
vapor  flow in the  axial  direction,  and by reducing  the  wick  pore  size at thp 
liquid-vapor  interface. 

Boilinp limit. - During normal  heat  pipe  operation,  vapor  is  produced by 
evaporation  at  the  liquid-vapor  interface. Although  the  heat  pipe  liquid  is 
superheated  ( i ts   pressure  is   less  than  that  of the  adjacent  saturated  vapor), 
boiling  will  not  occur  until  some  critical  value of superheat  is  reached. At 
this  critical  value,  vapor  bubbles  at  nucleation  sites  in  the  heat  pipe  wall  are 
hemispherical,  and  the  difference  between  the  vapor  pressure  inside  the  bubbles 
and  the  pressure of the  external  liquid is the maximum which  can  be  balanced 
by  surface  tension.  The  heat  transport  rate  corresponding  to  this  condition  is 
called  the  boiling limit. Any further  increase  in  the  heat  transport  rate  will 
increase  the  wall  temperature  and  hence  the  vapor  pressure  inside  the  bubbles, 
while  simultaneously  decreasing  the  liquid  pressure.  The  pressure  difference 
between  the  inside of the  bubble  and  the  surrounding  liquid  can  no  longer be 
balanced  by  surface  tension,  and  the  bubbles  will  leave  the  nucleation  sites, 
initiating  boiling.  While  the  initiation of boiling is  not  necessarily  catastrophic, 
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it is best  avoided in liquid metal heat pipes  because of the la rge   p ressure  
fluctuations  which  usually  characterize  boiling  in  liquid metals. 

Because of the large  superheat  needed  to  initiate  boiling  in  liquid metals, 
boiling has rarely  been  encountered  in  liquid  metal  heat  pipes.  However,  de - 
pending on the particulars of the  heat  pipe  design,  there will be  some critical 
temperature  above  which  the  heat  transport  capacity  will  be  determined  by  the 
boiling limit. 

Environmental  Effects 

Heat  pipe  characteristics  can  be  influenced by the  nature of the  operating 
environment.  The  effects of vibration,  acceleration,  and  gaseous  diffusion 
will now be  considered. 

Vibration. - Heat  pipes  have  been  operated  successfully  under a vibra-  
tional  environment  typical of that encountered  during a missile  launch  (ref. 3 ) .  
In  one  test  with a water  heat  pipe,  performance  actually  improved  under  vibra- 
tion,  the  temperature  drop  along  the  heat  pipe  falling  from 2 "  C to 1 O C. 

Acceleration. - Since  the  heat  pipe  structure  for  cooling  the  leading  edge 
of hypersonic  aircraft  wings  will  be  oriented s o  that  the  liquid  flow  channels 
a r e  within a few  degrees of the  horizontal,  the  influence of gravity on heat  pipe 
performance  will  be  minimal.  However,  the  aircraft  may  be  expected  to  ex- 
perience  significant  longitudinal  acceleration  and  deceleration.  Deceleration 
will  tend  to  facilitate  the  return of condensate  to  the  heat  input  region  (leading 
edge)  while  acceleration  will  tend  to  retain  condensate  in  the  heat  rejection 
region. 

In  the case of deceleration,  the  liquid  will  develop a static head  which  acts 
to  reduce  the  overall  liquid  pressure  drop,  the  net  effect of which is to  increase 
the  capillary  pumping limit. In the case of acceleration,  the  liquid  develops a 
static  head  which  acts  to  increase  the  overall  liquid  pressure  drop,  the  net 
effect of which is to  decrease  the  capillary  pumping limit. 

If the  heat  pipe  is  operating  in a temperature  range  within  which  the  heat 
transport  capacity  is  determined  by  the  capillary  pumping limit, design  modifi- 
cations  may  be  necessary to prevent a drop  in  heat  transport  capacity  under 
longitudinal  acceleration.  These cha.nges would  include  one  or a combination of 
the  following: a reduction  in  the  wick  pore  size at the  liquid-vapor  interface,  an 
increase  in  wick  thickness,  or  substitution of a porous  material  in  the  liquid 
flow  channel  with  less  flow  resistance. 
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Gaseous  diffusion. - Since  the  heat  pipe is a closed  system,  any  signifi- 
cant  internal  accumulation of gas  could  adversely  affect  performance.  The 
possibility of diffusion of atmospheric  gases  through  the  heat  pipe  walls  into 
the  interior  over an extended  operating  period  must  be  considered.  While 
little  diffusion  data is available  for  heat  pipes,  tests  have  shown  that  nitrogen 
can  diffuse at a significant  rate  through  stainless  steel  pipe  into a liquid 
potassium flow  loop  (ref. 4). There  is  also  evidence  that  hydrogen,  formed 
by the  reduction of water  vapor  at  the  heat  pipe  surface,  can  diffuse  into  the 
interior of a sodium  heat  pipe  quite  rapidly. :g The  diffusion rate  is  governed 
by the  nature of the  diffusing  gas,  its  partial  pressure,  the  heat  pipe  tempera- 
ture,  the  nature  and  thickness of the  heat  pipe  wall,  and  the  reactiveness of 
the  wall  material  with  the  diffusing  gas. 

Extended  testing of heat  pipes  under  expected  design  conditions  is 
presently  necessary  to  assess  whether  heat  pipe  performance  will   be  degraded 
by  the  diffusion of gas  through  the  walls. 

Startup 

When  a liquid  metal  heat  pipe  is  at  room  temperature,  the  liquid  metal 
may be frozen,  and  its  vapor  pressure  will be extremely  low. The  addition of 
heat  at a substantial  rate  to  the  evaporator  section  generally  produces  in a 
fairly  rapid  initial  temperature  rise  in  this  section,  followed by a more  gradual 
temperature  rise  accompanied by gradual  extension of the  hot  zone  into  the 
cold  condenser  section. If, during  the  startup  period,  the  heat  input  rate  should 
exceed  the  heat  transport  capacity,  the  resultant  disruption of normal  heat  pipe 
operation  could  result  in  overheating  before  the  design  operating  condition  was 
reached.  Whether a given  heat  pipe  design  will  start up normally  during a 
specified  heat  input  transient  must  ultimately be determined by experiment. 

PARAMETRIC STUDY O F  HEAT LOAD  AND HEAT PIPE LENGTH 

The  initial  step  in  the  design of a heat-pipe  -cooled  leading  edge  is  to 
determine  the  heat  load  to  be  transported  and  the  required  length of the  heat 

. .  . 

:: Pe-rsonal  communicationwith J. Kemme,  Los  Alamos  Scientific  Labora- 
- 

tory, Los Alamos, N. Mex. 
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pipe  structure.   These  parameters  can  be  established  from  the  aerodynamic 
heating  rate  and  the  thermal  radiation  rate  along  the  portion of the wing s u r  - 
face  which is covered by the  heat  pipe  structure. 

A parametric  study  was  carried  out  to  determine  the  heat  pipe  heat  load 
and  the  heat  transport  length in the  chordwise  direction  for  the  range of a i r -  
craft  cruise  conditions  and wing geometries  presented  in  table 1, figure 6 and 
figure 7. 

TABLE 1. - INPUT DATA FOR PARAMETRIC STUDY 

I Cruise  conditions I 
Heat  pipe  temperature, " F 
Mach  number 
Angle of attack,  deg 
Vertical  acceleration 
Surface  emissivity 
Dynamic  pressure 

1340,  1540,  1740,  1940 
6, 8, 10, 12 
7 
+ lg  (just  offsets  gravity) 
0.8 
800 psf 

Wing geometry 

Sweepback  angle, deg 
Leading  edge  radius, in. a 
Area, f t2  
Planform 
Cross  -section 

0, 45, 55, 65, 75 
1/4,  1/2, 1, 2, 6, 12, 24 
10 000 
See f i g u r e  6. 
See  figure 7. 

a In  plane  normal  to  leading  edge. 

As i s  shown  in  figure 6,  the  wing  planform  is  triangular  for  sweep  angles 
greater  than 0 "  and  rectangular  with  an  aspect  ratio  (span/chord) of 4 for a 
sweep  angle of 0 " .  The  study  was  carried  out  for a  wing section  located at 
one-half  the  semispan.  The  airfoil  shape  is  shown  in  figure 7. The  maximum 
thickness  is 0.03 times  the  chord.  Longitudinally,  the  airfoil  is  divided  into 
three  sections,  each of equal  length. Two wedge-shaped  sections  flank  the 
constant  -thickness  central  section. The  leading  edge of the  forward  wedge  is 
rounded off. As is shown in figure 8, the  cross  -section of the  leading  edge  is 
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A. SweeD  anale A > 0" 

Span B -4 
B. Sweep  angle A = 0" 

F i g u r e  6. Wing planform. 
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Not to scale 

Figure 7. Airfoil  shape at one-half wing semispan. 

circular  in  the  plane  normal  to  the  leading  edge  and  elliptical  in  the 
chordal  plane. 

The  airfoil  wedge  angle Y of 5.1 O was  established  from  the  basic 
geometry of figure 7, and  is  independent of the  sweepback  angle A . The 
chord C / 2  was  found  from  the  planform  geometry  and  the  specified  planform 
a r e a  of 10 000 f t2 .  It  should  be  noted  from  figure 7 that  the  actual  chord  will 
be smaller  than  the  calculated  value  because  the  leading  edge  has  been  rounded 
off. 

Also,  airfoils  with  different  leading  edge  radii  are  not  geometrically 
similar,  the  chord  decreasing  with  increasing  radius.  The  geometric  differences 
become  quite  significant as the  leading  edge  diameter  approaches  the wing 
thickness. When the  leading edge diameter  is  equal  to  the wing thickness,  as 
determined  from  figure 7,  the  length of the  inclined  plane  section of the  upper 
wing surface  adjacent  to  the  leading  edge  will  have  shrunk to zero. When the 
leading  edge  diameter  exceeds  the  maximum wing thickness,  the  thickness  was 
taken  to be  constant  and  equal  to  the  leading  edge  diameter.  The  principal 
geometric  parameters of the wing a r e  shown in  tables 2 and 3 a s  a function of 
sweep  angle A and  leading  edge  radius R. 
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Figure 8. Geometry of forward  section of wing (see  Figure 2) .  



TABL 

Sweep 
angle,  deg 

0 
4 5  
55 
6 5  
7 5  

2. - GEOMETRI 

Chord, 
f t  

Span, ft 

I 
50.0 

100.0 
119.5 
146.4 
193.2 

200.0 
200.0 
167.4 
136.6 
103 .5  

Z PARAMETE 

Chord at 1/2 
s emispan, f t  

50.0 
50.0 
59.8 
73.2 
96.6 

XS O F  HYPERSONIC WING 

~ Thickness at 
i 1/2 semispan, f t  

Wedge angle 
P a deg 

a 

I 

1.50 
7.3 1. 50 
5.1 

19 .2  2.90 
12.0 2.20 

9.0 1.79 

a When the  leading  edge  diameter 2 the  thickness  shown  in  this  column, 
the  thickness  is  taken  to  be  equal  to  the  leading  edge  diameter. 

TABLE 3. - LENGTH O F  WING SURFACE IN CHORDAL PLANE 

S weep 
angle,  deg 

0 
45 
55 
6 5  
7 5  

0 
4 5  
55 
6 5  
7 5  

Leading  edge  radius  (in  plane  normal  to  leading  edge),  in. 

0.25 24 12 6 2 1 0 .5  

Length L1 of inclined  surface  adjacent  to  leading  edge, f t  

16.28 
16.28 
18.82 
24.0 
32.0 

15.80 
15.80 
18.40 
23.6 
31.6 

14.90 

0 12.96 22.6 29.2 30.8 
0 4 .75 14.52 21.2  22.8 
0 0 8.19 15.60 17.48 
0 0 5.60  13.01  14.90 
0 0 5.60 13.0.1 

Per iphery  of semi-ellipse  at  leading  edge,  in. 

0.78 

16.56 8.28 4.24  2 .12 
11.00  5.50 2.75  1.37 

8.78  4.39 2.20 1.10 
7.62 3.8.1 1.90  0.95 
6.28 3.14  1.57 18.85 

198.4 99.2  49.6 
132.0  66.0 33.0 
105.6 52.8 26.4 
91.5 45.0 22.8 
75.4 37.7 
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Aerodynamic  Heating 

Figure 9 shows  the  stagnation  line  heat flux due to  aerodynamic  heating 
a s  a function of dynamic  pressure  (refs.  5, 6). The  data  apply  for a circular 
leading  edge of 1 -inch  radius, a sweep  angle of 0 O ,  and a reference  wall   tem- 
perature  To of 1540" F. The  heat  flux  incident  on  the  circular  leading  edge 
for  other  conditions  was  calculated  from  the  expression 

In  equation ( l ) ,  q (0,  0, 1, To) is the  stagnation  line  heat  flux  given  in 
figur.e  9, e is  the  angle  from  the  stagnation  line at which  the  heat flux i s  to be 
determined, A is  the  sweep  angle, R is  the  leading  edge  radius  in  inches, 
Taw is  the  adiabatic  wall  temperature  in O F, Tw is the  surface  temperature 
in O F, and q( A ,  8 , R, Tw) is the  desired  heat f lux  at  sweep  angle A , 
angle 8 , radius  R,  and  surface  temperature Tw. 

TABLE 4. - ADIABATIC WALL TEMPERATURE  FOR 
DYNAMIC PRESSURE O F  800 PSF 

Adiabatic  wall  temperature, O F 

Mach  number 
e = 0 deg e = 70 deg 

6 

6292 643 0 12 
5255 539 0 10 
401 0 4160 8 
2423 2540 

2 1  
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Figure 9 .  Stagnation  line  heat  flux  (refs. 5, 6). 



The  heat flux due to  aerodynamic  heating  on  the flat surfaces of the 
wing  was  calculated  from  the  equation 

q = h ( T   - ' T  ) aw W 

In  equation (2) ,  q is  the  heat flux in  Btu/ftZ-sec  and h is   the  heat  transfer 
coefficient  in Btu/ft2 -sec O F. The  adiabatic  wall  temperature Taw was 
taken  to be the  value  for  the  circular  leading  edge at the  point  where  the  flat 
surface  is  tangent  to  the  leading  edge.  For  an  angle of attack of 7 O and  sweep 
angle  in  the  range 0 to  75",  the  point of tangency on the  lower wing surface 
occurs when e lies  in  the  range 64 to 83".  On the  upper  wing  surface,  the 
point of tangency  occurs  when 8 lies  in  the  range 92 to 96".  Since Taw 
varies  slowly  with e in  these  ranges , Taw corresponding  to e = 70 O was 
used  for  calculations  with  equation ( 2 ) .  

The  heat  transfer  coefficient h was  calculated  by  the  method  described 
in  Appendix A. The  heat  transfer  coefficient  for a given  flat  surface  was 
evaluated  at a distance  from  the  leading  edge of the  flat  surface  at  which  the 
Reynolds  number  was 106. Also, a surface  temperature of 1540" F was  used 
in  the  calculation of h.  (The  heat  transfer  coefficient  varies  slowly  with  the 
distance  from  the  leading  edge  and  with  the  wall  temperature.) 

The  resulting  flat-plate  heat  transfer  coefficients  are  given  in  table 5. 
The  distance  from  the  leading  edge of a given  flat  surface  at  which  the  heat 
transfer  coefficient  was  evaluated  is  also  given.  It  can be seen  from  figure 7 
that  there  is one flat  surface on  +he lower  edge of the wing  and that  there  are 
three  f lat   surfaces on  the  upper  edge of the  wing.  Heat transfer  coefficients 
for  the  upper  edge  are  given  for  surfaces 1 and 2 only.  The  coefficient  for 
surface 3 is  somewhat  smaller  than  that  calculated  for  surface 2. 
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TABLE 5. - HEAT  TRANSFER  COEFFICIENTS FOR FLAT 
SURFACES O F  WING 

Distance  from  leading  edge 
of flat  surface, f t  

Heat  transfer  coefficienl 
Btu/ftZ-sec-" F 

0.72 
1.25 
1.77 

45.5 x 
15.02 x 

-4 

7.70 x 10  

0.74 
1.38 
3.18 

37.5 x 

3.60 x 
9.56 x 10 

-4 

0.97 
2.44 
4.98 

32.2 x 
5.85 x 
1.62 x 1 0  

-4 

1.05 
3.20  3.64 x 
8.23  0.63 x 10 I. 28.6 x -4 

~~~ ~~ "___ ~ ~ " 

a See  figure 7. 

Radiation  Equilibrium  Temperatures 

While  not  explicitly  required  for  the  determination of heat  pipe  heat  loads 
and  lengths,  radiation  equilibrium  temperatures are nevertheless of interest. 
The  radiation  equilibrium  temperature is the  temperature  which would exist at 
a perfectly  insulated  segment of wing surface  when  the  rate of heat  loss  by 
radiation  from  that  segment  just  equals  the  rate at which  heat is added  by  aero- 
dynamic  heating.  Actual  equilibrium  temperatures  will  be  somewhat  lower  than 
those  calculated  according  to  the  above  definition  because  some of the  incident 
heat  will  be  dissipated by  conduction  and  radiation  to  adjacent  cooler  portions 
of the wing  structure. 

The  radiation  equilibrium  temperatures at the  stagnation  line  and on the 
flat   surfaces of the wing a r e  of most  interest.  The  stagnation  line  radiation 
equilibrium  temperature is the  maximum wing temperature  which  could  develop 
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without  cooling,  and  thus  is  indicative of the  need  for  cooling.  The  heat  pipe 
temperature  must  exceed  the  radiation  equilibrium  temperature on the flat 
surfaces i f  heat  from  the  leading  edge  is  to  be  rejected in addition  to  the  heat 
which is directly  incident on those  surfaces. 

Radiation  equilibrium  temperatures  at  the  stagnation  line  are  given  in 
table 6. The  equilibrium  temperature  is  seen  to  increase  with  Mach  number 
and  to  decrease  as  the  leading  edge  radius  and  sweep  angle  increase. 

TABLE 6. - RADIATION  EQUILIBRIUM TEMPERATURES  AT 
STAGNATION  LINE (Dynamic  pressure = 800 psf) 

Mach 
n u -  

be r 

6 

8 

10 

I Leading  edge  radius, in. 

Sweep 
angle, 

- 

0.25 12 6 2 1 0.50 2 4  - 
deg I Equilibrium  temperature, O F 

0 

1552 1665 1773  75 
1709 1827 1929 65 
181 1 1918 2022  55 
1875 1980 2078  45 
1980 2080  2170 

"-"-I 
0 

4 5  
55 
65 
7 5  
-~ 

0 
4 5  
55 
65 
7 5  

__ 

3080 

2050  2220 2400 
2290 2465 2640 
2440  2620  2800 
2 540  2727 2909 
2727 2909 

3720 
3 500 
3360 
3 160 
2850 

3 500 
3280 
3150 
2940 
2630 

3280 
3050 
2920 
2720 
2440 

1875 
1771 
1697 
1597 
1433 

2 540 
2369 
2270 
2110 
1882 

3050 
2830 
271 0 
2530 
2240 

1702 
1601 
1516 
- 
- 

227 5 
2090 
1997 
1854 
1651 

271 1 
2 500 
2380 
221 0 
1940 

1601 
- 1470 
1470 

- - 
- - 
- - 

2090 

- 1480 
1540 1698 
1684  1840 
1773 1940 
1940 

2 500 

1620 1780 
1848  2020 
1998 2180 
2110  2300 
2300 
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TABLE 6. - Continued 

Mach 
num- 
ber  

12 

I Leading  edge  radius,  in. 

Equilibrium  temperature, O F 

3630 
75 3250 

If a maximum  pe  rmis s ible 

401 0 3740 3  500 3080 2840 
3740 3 500 3230 2840 2620 
3590 3330 3090 2720 249 0 
336  1 3 120 2880 2520 2320 
301 5 2770 2570 2230 2023 

2620 
241 0 
2280 
2120 
1840 

structural   temperature of 1600 O F is assumed,  which 
would  be  feasible  with  superalloy  construction,  table 6 indicates  that  cooling 
will  be  required  for all sweep  angles and  leading  edge  radii at Mach  numbers 
greater  than  10. At Mach 8, cooling  will  be  required  for  leading  edge  radii up 
to 6 in.,  and  for  larger  leading  edge  radii at sweep  angles of 55"  and  less.  At 
Mach 6, cooling  will  be  required  for  leading  edge  radii of 0.5  in.  and  less,  and 
may be required  for  leading  edge  radii up to 6 in.,  depending  on  the  sweep  angle. 

F o r  a maximum permissible  structural   temperature of 2200" F, cooling 
will  be  required at Mach  12  for  leading  edge  radii up to 6 in.,  and at Mach  10 
for  leading  edge  radii up to 2 in.  Cooling  may be required at these  Mach 
numbers  for  leading  edge  radii up to  24 inches,  depending  on  the  sweep  angle. 
At  Mach 8,  cooling  will  be  required  for  leading  edge  radii up to 0. 5 in.,  and 
may be needed  for  leading  edge  radii up to 6 in.,  depending  on  the  sweep  angle. 
At  Mach 6, cooling is not  needed. 

These  relationships are shown more  clearly  in  figure  10,  where  the  lead- 
ing  edge  radii  for  stagnation  line  equilibrium  temperatures of 1600" F and 
2200" F are  plotted  as a function of Mach  number  and  sweep  angle. 

Estimated  equilibrium  temperatures  for  the flat wing surfaces are shown 
in  figure  11 as a function of Mach  number.  For  the  upper  surface,  temperatures 
a r e  given  for  surface 1 only.  Equilibrium  temperatures  on  surface 2 will  be 
considerably  lower  than  for  surface 1 because of the  lower  heat  transfer  co- 
efficients  for  surface 2. (See  table  5.)  Since,  as  has  already  been  pointed 
out,  the  heat  pipe  temperature  must  exceed  the  equilibrium  temperature, it is 
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Figure 10.  Leading  edge  radius  for 
stagnation  line  radiation  equilibrium 

temperatures of 1600"  F and 2200 " F. 

evident  from  figure  11 that much 
higher  heat  pipe  temperatures 
will  be  required  to  dissipate 
heat  from  the  lower wing su r  - 
face  than  from the upper s u r  - 
face.  Therefore,  the  upper 
surface is preferred  for  the  heat 
rejection  portion of the heat  pipe 
cooling  structure.  Further,  the 
minimum  possible heat pipe 
temperature  will  be  approxi - 
mately 1200 O F. In  the  para- 
metric  study of heat  pipe  length 
and  heat  load, a minimum  heat 
pipe  temperature of 1340" F 
was  selected- 

Heat  Pipe  Heat  Load 

The  heat  pipe  heat  load is 
the  rate at which  heat is t r ans -  
ported  from  the  heat  input  zone 
to  the  heat  rejection  zone of the 
heat  pipe  cooling  structure. Its 
determination  requires  knowledge 
of the  heat  flux  distribution  over 
the  surface of the  heat  pipe 
cooling structure.  

As is shown  in  figure  12, 
the  heat  pipe  cooling  structure 
is assumed  to  completely  cover 
the  rounded  leading  edge of the 
wing  and a portion of the  upper 
surface.  Depending  on  the 
length  which is needed  to  dis - 
sipate  heat,  the  structure  may 
extend  over  surfaces 1 and 2 as 
shown, or  it may  be  confined  to 
a portion of surface 1. For  the 
larger  leading  edge  radii, i f  
surface 1 does  not  exist,  the 
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heat  pipe  cooling  structure 
will  cover a portion of sur  - 
face 2 in  addition  to  the 
rounded  leading  edge. 

The  heat  pipe  cooling 
structure  can  also  be  ex- 
tended  over a portion of the 
flat  lower  surface.  Then, i f  
the  heat  pipe  temperature  is 
higher  than  the  equilibrium 
temperature of the  lower 
surface,  additional  heat  dis - 
sipation  surface  will  be 
available. If the  heat  pipe 
temperature  is  lower  than 
the  equilibrium  temperature, 
the  heat  pipe  heat  load  will 
be  increased,  requiring  ad- 
ditional  dissipative  surface 
on  the  upper  surface of the 
wing. In the  parametric 
study,  the  heat  pipe  structure 
was  assumed  to  cover  only 
the  rounded  leading  edge  and 
a portion of the  upper wing 
surface. 

The  assumed  distribu- 
tion of heat  flux  due  to  aero- 
dynamic  heating  over  the  heat 
pipe  surface  is  also  shown  in 
figure 12. ”* The  distribution 
over  the  rounded  leading  edge 
is  given by equation  (1). How- 
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Figure 11 Radiation  equilibrium  tempera- 
tures  for  flat wing surfaces. 

ever,  the  actual  heat  flux  is  not  symmetrical  around  the  leading  edge.  Instead, 
the  stagnation  line  position,  which  is  determined by the  angle of attack,  is  dis - 
placed  toward  the  lower  surface. While  the  heat  flux  distribution  is  influenced 
by  the  angle of attack,  the  integral of the  heat f l u x ,  which  is  required  in  order 

~ 

+ The heat  flux  distribution  in  the  region  where  the  cylindrical  and flat sec-  
tions  merge  is  not  accurately  represented  in  figure  12.  However,  the 
representation of figure 12 was  considered  sufficiently  precise  for  these 
preliminary  studies. 
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Figure 12. Heat  flux  distribution  over  surface of heat  pipe  cooling  structure. 

to  determine  the  heat  pipe  heat  load,  does  not  vary  strongly  with  the  angle of 
attack.  Therefore,  the  syrnrnetrical  distribution of figure 12, which co r -  
responds  to  an  angle of attack of O D ,  was  used in the  heat  load  calculations. 

The  heat flux due  to  aerodynamic  heating  over  each  flat  upper  surface 
of the wing is  assumed  to  be  constant  and  equal  to  the  heat flux at the  point 
where  the  Reynolds  number  is  equal  to 106. This  generally  occurs  within a 
foot o r  so  of  the  leading  edge of the  flat  surface.  (See  table 5.) The heat flux 
actually  diminishes  continuously  with  distance  from  the  leading  edge. 

The  radiation  heat  flux  (rate of heat  rejection by radiation  per unit 
surface  area)  is assumed to be constant  over  the  entire  length of the  heat  pipe 
cooling  structure.  This  is  equivalent  to  the  assumption  that  the  surface  tem- 
perature of the  heat  pipe  cooling  structure  is  constant.  Although  the  internal 
temperature of the  heat  pipe  structure (i. e.,  the  temperature of the  heat  pipe 
vapor)  may  be  regarded  as  virtually  constant,  the  surface  temperature  will 
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vary  as  the  result  of the  temperature  differences  which  are  associated  with 
the  conduction of heat  into  and  out of the  heat  pipe  interior.  This  temperature 
difference  is  small  over  the  heat  rejection  portion of the  heat  pipe  structure 
(because  the  radiation  heat flux is  relatively  small)  and  may  be  neglected. 
However,  the  temperature  drop  between  the  surface  and  the  interior  is  signi- 
ficant  over  the  heat  input  section,  and  is a maximum at the  stagnation  line, 
because of the  high  heat flux due  to  aerodynamic  heating  in  that  region. 

Neglect of the  higher  surface  temperature  in  the  vicinity of the  stagnation 
line  underestimates  the  rate of heat  loss by radiation  from  the  leading  edge  and 
has  the  effect of overestimating  the  heat  load of the  heat  pipe  structure. How- 
ever ,  when  the  stagnation  line  heat  flux  due  to  aerodynamic  heating  is  large 
enough  to  cause  an  appreciable  temperature  drop  through  the  wall  and  wick of 
the  heat  pipe  structure, it is  generally  much  larger  than  the  radiation  heat 
flux. The assumption of constant  radiation  heat  load  therefore  results  in a 
relatively  small  error  in  calculation of the  heat  pipe  heat  load. 

The  heat  pipe  heat  load  is  obtained by integrating  the  net  heat flux (that 
due  to  aerodynamic  heating  minus  the  radiation  heat flux) over  that  portion of 
the wing surface  for  which  the  net  heat  flux  is  positive.  The  integration  is 
carr ied out most  readily  along  the  surface  coordinates x and Re  , where 
x is  the  distance  along  the  leading  edge  and Rf3 is  the  distance  along  the 
circumference of the  circular  section  normal  to  the  leading  edge. 

The  heat  pipe  heat  load Q is  given by 

e' 

0 

where CJ- is  the  Stefan-Boltzmann  radiation  constant (0.476 x 10 Btu/ft - -1 2 2 

sec-OR ) ,  E is  the  surface  emissivity (0.8 from  table l ) ,  and  the  span B 
and  leading  edge  radius R are  expressed in  inches.  The  integration limit 
8' is  the  angle  at  which  the  bracketed  term  in  equation ( 3 )  is  equal  to  zero. 
With the  aid of equation ( l ) ,  it then  follows  that 

4 

.] 2/3 
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where  q( A ,  0, R, Tw) is the stagnation  line  heat flux. In  equation  (4), 
numerical  values  have  been  substituted  for  the  product E , 

Upon substitution of equation (1) into  equation  (3),  the  heat  pipe  heat 
load  per unit span  width Q/B can be written 

Q R 
" B - 72 cos A q ( A ,  0, R, T W )[:os 3 / 2 9  d e - 0.38 e'(&)] 1000 (5) 

0 

The  units  of Q/B in  equation (5) are Btu/sec-in.  The  angle 8' is obtained 
from  equation (4), and is expres  sed  in  radians.  

Curves of the  heat  load  per  unit  span  width  are  presented  in  figures  13, 
14,  and  15  as a function of heat  pipe  vapor  temperature  (approximately  equal 
to  the  wing  surface  temperature  away  from the leading  edge),  Mach  number, 
sweep  angle,  and  leading  edge  radius.  The first observation  to  be  made  from 
these  figures is that  the  heat  load  decreases as the  vapor  temperature  and 
sweep  angle  become  larger,  and  increases  as  the  Mach  number  and  leading 
edge  radius  become  larger.  Thus,  from  the  standpoint of minimizing  the  heat 
pipe  load  for a specified  Mach  number,  small  leading  edge  radii,  large  sweep 
angles,  and  high  heat  pipe  vapor  temperatures  are  desirable. 

When  the  vapor  temperature is equal  to  the  stagnation  line  equilibrium 
temperature,  the  radiation  heat flux will  be  equal  to  that  due  to  aerodynamic 
heating,  and  the  heat  pipe  heat  load  will  drop  to  zero.  The  vapor  temperatures 
at which  leading  edge  cooling is no longer  needed  are  equal  to  the  radiation 
equilibrium  temperatures of table 6. 

The  heat  load  varies  from a minimum of about 0 . 0 5  Btu/in-sec at Mach6 
and R = 0.25  in.  to a maximum of about 1 0  Btu/in-sec at Mach 1 2  and 
R = 24  in.  These  heat  loads  are  well  within  the  demonstrated  capability of 
liquid  metal  heat  pipes. For example, a sodium  heat  pipe  with a diameter of 
0.7  in.  has  operated at power  levels up to  9.3  Btu/sec at a temperature  of 
1400" F (ref. 7).  The  maximum  heat  load  transported  by this heat  pipe  per 
unit  diameter is 9.3/0.7 = 13.3  Btu/in-sec. 
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Maximum  Surface  Temperature 

The  maximum  surface  temperature  exists  at  the  stagnation  line,  and its 
magnitude  depends  on  the  thermal  resistance  between  the  surface  and  the  heat 
pipe  vapor  as  well  as  the  stagnation  line  heat flux. The factors upon which 
the  thermal  resistance depends  can  only be established  through  detailed  con- 
sideration of heat  pipe  design. In order  to  indicate  the  approximate maximum 
surface  temperatures  which  are  associated  with  the  range of parameters  used 
in the parametric  study,  one-dimensional  temperature  drop  calculations at 
the  stagnation line were  carr ied  out   for  a 20-mil-thick  wall of Haynes 25, a 
10-mil-thick  wick  assumed  to  have  the  thermal  conductivity of liquid  sodium, 
and a negligible  thermal  resistance at the  liquid-vapor  interface. 

Results of the  temperature  drop  calculations  are  given  in  figure 16. The 
maximum  temperature  Tm  for a given  heat  pipe  vapor  temperature  Tv 
( z Tw),  leading  edge  radius  R,  sweep  angle A , and  Mach  number  may  then 
be found by  adding  the temperature  drop A T from  figure 16 to  Tv. The 
largest  A 'I' is on the order  of 200"  F and  occurs  at  Mach 12, R = 0.25  in., 
and A = 0 " .  With these  conditions,  the  maximum  surface  temperature  for a 
heat  pipe  vapor  temperature of 1600" F would  be about 1800" F. Materials 
selection  and  mechanical  design of the  heat  pipe  cooling  structure  would  then 
be  determined  by  conditions  at 1800" F, despite  the  fact  that  the  bulk of the 
structure  was  at 1600"  F. 

To  take fu l l  advantage of the  basically  isothermal  character of heat 
pipes, it would  be  preferable  to  select  design  conditions  for  which  the  tempera- 
ture  drop  across  the  wall  and  wick  at  the  stagnation  line  is of the  order of 
50" F or  less.   For  example,   the A T at Mach 12 would be  reduced  from 200"  F 
to  about 50 " F by simultaneously  increasing  the  sweep  angle  from 0 to 7 0 "  and 
the  leading  edge  radius  from  0.25  to 0.5 in. 

Heat  Pipe  Length 

The  heat  pipe  length L is  equal  to  the  sum of the  distance s around 
the  curved  leading  edge  plus  the  distance  LC  along  the  flat  upper  surface  over 
which  the  heat  pipe  structure  extends,  as  is  shown  in  figure 17. The  distance 
s is  given  in  table 3. The  distance  LC  is found  by  equating  the rate  of 
thermal  radiation  from  the flat upper  surfaces of the  heat  pipe  cooling  structure 
to  the  sum of the  heat  load Q, transported  from  the  leading  edge  and  the  aero- 
dynamic  heating  rate Q, on  the flat surfaces . 
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Heat pipe length L = s + LC 

r Surface ' 
/' 

Surface 2 

Figure 17.  Heat  pipe  length  in  chordal  plane. 

The  heat  load  Qc  is  obtained  from  equation (5) by letting 0' = r / 2  
radians (i. e. , by  integrating  the  net  heat  load  over  the  entire  surface of the 
rounded  leading  edge).  Then,  with Qc in  place of Q, equation (5) becomes 

*C R 
" - 
B 144 cos A 1.745 q ( A ,  0, R, T ) - 1.192 

W 

The  following  energy  balances  per unit span  width m a y  now be  written. 

" 0 . 3 8 (   ' w y  = - hl 
144  1000 c  144  (Taw - T  w c  ) L  +(%), L C < L 1  

" 0.38 ( Tw )4 L =- hl h2 
144  1000 c 144  (Taw w  1 144 'Taw w 

- T  ) L  t- - T   ) ( L C   - L l ) t ( + ) ,   L C >  L 
1 
(8) 

37 



In  equations (7) and  (8),  L1  and  LC  are  given  in  inches.  The  heat  transfer 
coefficients  hl  and h2 for  surfaces 1 and 2 are given  in  table 5, and 
Qc/B is  obtained  from  equation (6) .  The  length  L1  is  given  in  table 3. 

Upon solving  the  above  equations  for  LC, 

L =  
c. 

C 
0’.38 ( T  /1000)4 - hl  (Taw - Tw) 

W 

The  results of the  heat  pipe  length  calculations  are  presented  in  figures 18, 
19,  and 20. The  heat  pipe  length  is  plotted  as a function of the maximum heat 
pipe  temperature T, instead of the  heat  pipe  vapor  temperature Tv ( z  Tw) 
as   was done for  the  heat  pipe  thermal  load  plots of figures 13,  14,  and  15.4 
The  curves of figures 18, 19, and 20 apply  for a 20-mil-thick  Haynes 25 wall 
and a 1 0  -mil -thick  sodium  wick. 

The  heat  pipe  length L corresponding  to a given  vapor  temperature T, 
can  be  found  by  obtaining A T from  figure 16,  calculating Tm = T, t A T, 
and  reading L from  figure 18,  19, or  20. 

Examination of figures 18,  19,  and 20 shows  that  the  heat  pipe  length 
increases  with  an  increase  in  Mach  number M and  leading  edge  radius R,  
and  decreases  with  an  increase in sweep  angle A and  maximum  heat  pipe 
temperature T,. Heat  pipe  lengths  smaller  than  the  peripheral  length s 
around  the  leading  edge  were  not  calculated.  This  is why some of the  curves 
do not  extend  over  the f u l l  range of heat  pipe  temperatures. 

:t The  plot of heat  pipe  length  versus  maximum  temperature  gives a more 
accurate  picture of actual  length  requirements,  since it is  the  maximum 
heat  pipe  temperature  rather  than  the  vapor  temperature  which  will  be 
established  by  material  temperature  limitations. 
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The  calculated  heat  pipe  lengths  range  from a minimum of less ' than 2 in. 
for  M = 6 and R = 0.25  in.  to a maximum of 500 in.  for M = 12 and 
R = 24.in. It is  unlikely  that  the  500-inch-length  would  represent  an  actual 
design  criterion,  since it corresponds  to A = 0"  and T, = 1360" F. A more 
reasonable  design  might  specify A = 65"  and T m  = 1600" F, for  which  the 
maximum  heat  pipe  length at M = 12 and R = 24 in. is  then 230 in. ( 19.2 
f t ) .  Since  heat  pipes  almost 16 f t  in  length  have  already  been  constructed 
(ref. 8), the  required  heat  pipe  lengths  for  cooling  hypersonic  aircraft  wings 
should  be  fabricable. Also, since  the  heat  pipe  lengths  are a small   fraction 
of the  chord at 1/2  the  semispan  (as  is  apparent  from  table 2) ,  cooling protec-  
tion  can  be  provided  over  most of the wing span. If the wing tips  were  clipped 
a t  the  minimum  chord  needed  to  accommodate  the  heat  pipe  length, ful l  cooling 
protection  could  then  be  afforded  over  the  entire  wingspan. 

It should  also be noted  that i f  the flow direction of the  heat  pipe  fluid  were 
to  lie  in a plane  normal  to  the  leading  edge  instead of in  the  chordal  plane,  the 
effective  heat  pipe  length would be reduced by approximately  cos A .  Thus,  the 
heat  pipe  length of 1 9 . 2  f t  mentioned  in  the  previous  paragraph would  be reduced 
to 8.12 f t  i f  the flow direction of the  heat  pipe  were  oriented  normal  to  the  lead- 
ing edge. 

PRELIMINARY DESIGN STUDIES 

In  the  pr.evious  section,  calculations of the  heat  load  and  heat  pipe  length 
were  made  for a wide  range of Mach  numbers,  sweep  angles,  leading  edge 
radii,  and  heat  pipe  vapor  temperatures. The calculations  were  performed 
solely  on  the  basis of aerodynamic  heating  rates,  thermal  radiation  rates,  and 
wing geometry.  Further  consideration of the  design of heat  pipe  structures 
for  cooling  hypersonic  aircraft  wings  requires  that  heat  pipe  characteristics 
be  considered in some  detail. 

In  this  section,  the  selection of a heat  pipe  fluid  and  heat  pipe  fabrication 
mater ia ls   are   discussed  f i rs t .  Then, minimum heat  pipe  dimensions  normal 
to  the wing surface  are  estimated. Next, preliminary  designs of heat  pipe 
cooling structures  for  operation  at Mach  8 are  described.  Finally,  the  effect 
of variations  in  design  and  operating  criteria  are  considered. 
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Selection of Heat  Pipe  Fluid 

As was  stated  earlier, an important first criterion  for  selection of a 
heat  pipe  fluid is that its vapor  pressure  lie  approximately  within  the  range 
of 1 to 100 psia at the  contemplated  operating  temperature. In figure 21, the 
vapor  pressures of four  candidate  heat  pipe  fluids  are shown over  the 

Figure 21. Vapor pressure  of candidate  heat  pipe  fluids. 
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temperature  range 1340 to  1940" F. The  vapor  pressure of sodium  meets  the 
basic  cri terion  over  the  entire  temperature  range.  The  vapor  pressure of 
potassium  lies  between 1 and 100 psia  from 1340 to  1870" F, while that of 
cesium  meets the basic  criterion  between  1344  and  1700" F. The  vapor  pres - 
sure  of lithium is less  than 1 psia  until  the  temperature  reaches  1880" F. The 
curves of figure 21 indicate  that  sodium,  potassium,  and  cesium  are  acceptable 
heat  pipe  fluids  over  most, i f  not all, of the  temperature  range of interest, 
while  lithium  is  marginal  except  near  the  upper  temperature limit. 

Selection of the  preferred  heat  pipe  fluid  for a particular  application  is 
best  accomplished by comparing  the  fluid-dependent  characteristics of a given 
heat  pipe  design  for  the  various  candidate  fluids.  Such a comparison  was 
carr ied out for  heat  pipe  design  conditions  which  are  typical of those  expected 
for  hypersonic  cruise  aircraft.  The  design  conditions  selected  were: 

Mach  number 10  
Leading  edge  radius  0.5  in. 
Sweep  angle 60 deg 
Heat  pipe  vapor  temperature  1540" F 
Dynamic  pressure 800  psf 

For  these  conditions,  figures 9, 13,  16,  18,  and  equation (1) m a y  be 
used to obtain  the  following  design  data: 

Stagnation  line  heat flux 0.660 Btu/in  -sec 
Heat  load  per  unit  span  length 1.00  Btu/' In -s ec 
Heat  pipe  length 39.0  in. 

2 

The  following  additional  design  assumptions  were  made: 

Heat  Fipe cross  -section 
Heat  pipe  diameter 
W a l l  thickness 
Wick  type 

Flow  channel  thickne s s 
Thickness of inner  wick  layer 
Acceleration 

W a l l  material  

Circular 
0.250  in. 
0.020 in. 
2 layer,  with  annular 

liquid flow channel 
0.010 in. (all liquid  metal) 
Negligible 
0. 5 g along  heat  pipe  axis  toward 

Ren6 41 
evaporator  section 

44 



Nucleation  site  radius  for 
initiation of boiling 1 rnicron 

From  the  above  data,  the  following  additional  heat  pipe  characteristics 
are  immediately  established: 

Heat  load* 0.250 Btu/sec 
Vapor  space  diameter  0.190  in. 
Axial  heat  flux  (heat  load  per 

Temperature  drop  through  wall 

2 
unit  vapor  space  area) 8.83  Btu/in  -sec 

at stagnation  line 43.9" F 

We now consider  four  heat  pipes  with  the  above  characteristics,  each of 
which  has  been  loaded  with one of the  candidate  heat  pipe  fluids:  sodium, 
potassium,  cesium,  and  lithiurn. We wish  to  establish  the  following  for  each 
heat  pipe: 

1. 

2 .  

3. 

4. 

5. 

6. 

Whether  the  imposed  heat  load  exceeds  the  sonic limit. 

Whether  the  heat  pipe is isothermal  along  its  length. 

The maximum permis  sible  pore  diameter  at  the  liquid  -vapor  inter - 
face. 

Whether  heat  pipe  operation will be  disrupted by  boiling. 

The  maximum  heat  pipe  temperature. 

The  vapor  (internal)  pressure. 

For  the  specified  operating  conditions,  heat  pipe  dimensions,  and  wall 
material,  the  six  items of information  listed  above  are  all  functions of proper-  
t i es  of the  heat  pipe  fluid. 

I tem 1 is determined  by  comparing  the  heat  load  with  the  sonic limit. If 
the  heat  load  exceeds  the  sonic limit for a particular  heat  pipe  fluid,  heat  pipe 
operation  will be disrupted  and  the  fluid  is not suitable. If the  heat  load  were 

Heat  load = Heat  load/unit  span  length x heat  pipe  diameter. 
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to  exceed  the  sonic limit for all fluids,  the  vapor  space  area  would  have  to  be 
increased  until  the  sonic limit for at least  one  candidate  heat  pipe  fluid  ex- 
ceeded  the  heat  load. 

I tem 2 is  determined  by  calculating  the  ratio of the  vapor  pressure  drop 
A Pv tothe  vapor  pressure P,. It can be established  from  the  vapor  pres - 
sure  curves of figure 21 that  the  heat  pipe  vapor  temperature  will  drop  about 
1 .5  to 2 "  F for  each  per  cent  change  in A Pv/Pv. For  practical   purposes  the 
heat  pipe  structure  may  be  considered  isothermal  along  its  length i f  the  tem- 
perature  drop  does  not  exceed 10"  F, or if A Pv/Pv is  less  than 5 percent. 

I tem 3 is  determined by consideration of the  entrainment limit and  the 
capillary  pumping limit. For a given  heat  load,  there  is a cri t ical   pore 
diameter De above  which  the  heat  load  will  exceed  the  entrainment limit. 
For  the  same  heat  load, a minimum  diameter of curvature Dc will  develop 
in  the  wick  pores at the  liquid-vapor  interface.  This  diameter of curvature 
cannot  be  smaller  than  the  wick  pore  diameter Dp. Hence,  in  order  to 
prevent  disruption of heat  pipe  operation by either  entrainment  or  tensile 
failure of the  liquid-vapor  interface,  the  pore  diameter Dp cannot  exceed 
the  smaller  value of De and Dc. 

I tem 4 is  determined  by  consideration of the  boiling limit. For a given 
heat  load,  there  is a cri t ical   diameter of curvature Db below  which  boiling 
will  be  initiated  in  the  heat  pipe  liquid at the  inner  surface of the  heat  pipe 
wall.  In  order  to  avoid  disruption of heat  pipe  operation  by  boiling,  the  actual 
diameter of curvature Dc must be larger  than Db. 

Data  and  equations  for  the  sonic limit, isothermal limit, entrainment 
limit, capillary  pumping limit, and  boiling limit a r e  given  in  Appendixes B and 
C.  These  data  and  equations  were  used  to  determine  the  information  required 
for  items 1 through 4. 

Items 5 and 6 are  relatively  straightforward,  requiring no special 
knowledge of physical  processes  inside a heat  pipe.  The  maximum  temperature 
was found by  adding  the  temperature  drop  through  the  heat  pipe  wall  and  wick 
a t  the  stagnation  line  to  the  vapor  temperature.  The  vapor  pressure  was  ob- 
tained  from  the  curves of figure 2 1 .  

The  information  required by items 1 through 6 is  presented  in  table 7. 

For  lithium,  the  axial  heat  flux of 8.83  Btu/in2-sec  is  greater  than  the 
sonic limit. Lithium  is  therefore  not a feasible  heat  pipe  fluid  for  the  specified 
heat  pipe  design  and  operating  conditions,  and  was  not  considered  further.  For 
the  other  candidate  fluids,  the  sonic limit is  well  above  the  axial  heat flux. The 
vapor  pressure  drop  is  less  than 1 per  cent  for  the  remaining  candidate  fluids, 
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TABLE 7. - COMPARISON OF CANDIDATE HEAT PIPE FLUIDS 

Fluid 

Sodium 
Potassium 
Cesium 
Lithium 

~ 

Vapor 
p r e s  - 
su re  
ps  ia 

9.2 
29.0 
55.0 

0.09 

~ . " 

Sonic 
limit, 
Bt u/ 

inz-sec 

123. 
236. 
208. 

2.3 

(Vapor  Temperature = 1540" F) 

"" 

sure  

" .. ~ ~ ~ ~ 

0.614 276. 
0.105 190. 
0.050 42. 5 
-" - "" 

Dia of 
curva - 
ture ,  

microns 
DC 9 

102. 
51.2 
13.6 
"" 

Dia of 
curv.  no 

" F  Db s 
temp,  boiling, 
Max. 

microns 

2.02 

1618 8.90 
1603 2.30 
1593 

-"- -"- 

which  indicates  that  heat  pipes  with  these  fluids  will be isothermal  in  the axial 
direction  within 1 to  2" F. However,  the axial temperature  drop is largest   for 
sodium. 

In  every  case,  the  diameter of curvature Dc is  less  than  the maximum 
pore  diameter De for no  entrainment.  Therefore,  the  pore  diameter 
cannot  exceed Dc. With  sodium,  the  heat  pipe  can  function  with  wick  pores 
a s   l a rge  as 102  rnicrons,  while the pore  diameter  cannot  exceed 51 microns 
for  potassium  nor  13  microns  for  cesium.  At  the  present  time  an  effective 
pore  diameter of 20 microns is about  the  minimum  which  is  readily  attainable. 
A cesium  heat  pipe  would  therefore  present  more  difficult  design  and  fabrica- 
tion  problems  than  either  sodium  or  potassium  heat  pipes. 

DP 

The  minimum  diameter of curvature Db for no boiling is well  below 
Dc for  sodium  and  potassium,  but  within 5 microns of Dc for  cesium.  Be- 
cause of uncertainties  in  the  radius of nucleation  sites  where  vapor  bubbles 
are  produced  during  boiling (,a nucleation  site  radius of 1 micron  was  assumed 
in  the  calculation),  the  onset,of  boiling is a definite  possibility  for  the  cesium 
heat  pipe,  whereas  the  sodium  heat  pipe would  be most  resistant  to  boiling. 

The maximum heat  pipe  temperature  is  lowest  for  sodium  and  highest 
for  potassium,  although  the  difference  in  temperature is not  large.  While  the 
difference  in  vapor  pressure  is  not  significant  in  the  present  example,  the 
difference  may  become  very  significant  when  the  heat  pipe  cross  -section is 
rectangular  rather  than  circular,   since  the  pressure must then  be  carried  by 
bending in the  heat  pipe  wall. 
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It can  be  concluded  from  the  above  analysis  that  lithium is not a suitable 
heat  pipe  fluid  because of its low  sonic limit. Cesium is not  desirable  because 
it requi r t s  a small  wick  pore  diameter,  the  possibility of disruptive  boiling 
exists,  and its high  vapor  pressure will probably  require a heavy  containment 
structure  in a practical  design  for wing  cooling.  Sodium  and  potassium  both 
appear  to  be  feasible  heat  pipe  fluids.  However, a sodium  heat  pipe  is  pre- 
ferred  because it is   less  prone  to  entrainment  failure,   larger  wick  pore  dia- 
meters  can  be  tolerated,  sodium is less  susceptible  to  boiling,  and a lighter 
containment  structure  can  be  designed  because of its lower  vapor  pressure. 

These  conclusions  favoring  sodium  as  the  most  appropriate  heat  pipe 
fluid  were  reached  for a specified  set of design  and  operating  conditions  which 
are  believed  to  be  reasonably  representative of conditions  likely  to be encountered 
for a hypersonic  cruise  aircraft .  If design  and/or  operating  conditions  depart 
significantly  from  those  which  were  specified  in  this  evaluation,  the  conclusions 
could  require  modification. 

For  example, at a lower  Mach  number  and/or  larger  leading  edge  radius, 
where  the  stagnation  line  heat  flux  is  significantly  lower,  the  nonboiling 
cri terion would  be  less  limiting on cesium. At heat  pipe  vapor  temperatures 
close  to  the  lower  temperature limit of 1340 " F, the  sodium  heat  pipe  could 
have a significant  axial  temperature  drop,  in  which  case  potassium  could  well 
be  the  preferred  heat  pipe  fluid.  At  heat  pipe  vapor  temperatures  approaching 
the  upper  temperature limit of 1940" F, the  sonic limit of lithium is about 
50 Btu/in2-sec,  well  above  the  design  axial  heat f lux .  Lithium  might  then  be 
considered  as a possible  alternate  to  sodium. 

Selection of Heat  Pipe  Materials 

The  heat  pipe  wall  and  wick  should be compatible  with  liquid  sodium,  the 
recommended  heat  pipe  fluid,  and  preferably  should  be  constructed  from  the 
same  material .  In addition,  the  wall  material  should  be  readily  fabricable, 
and  have  adequate  strength  and  oxidation  resistance at contemplated  operating 
temperatures.  

Candidate  alloys. - Five  alloys  have  been  considered  for  use  in  the wing 
structure of hypersonic  cruise  aircraft:  the  superalloys  Re& 41, Haynes 25, 
and  TD-NiCr,  and  the  refractory  alloys Ta-1OW and Cb752 (ref .  9).  When 
both  strength  and  oxidation  resistance  are  taken  into  account,  the  useful  upper 
temperature limit of the  superalloys  for  extended  operation  is  around  1600" F, 
although  TD-NiCr  may be considered  for  temperatures  as  high  as 2000 to 
2200" F. The refractor ies   may be  useful  to  temperatures of 3000" F, but  will 
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more  l ikely be  limited  to 2400" F by  temperature  limitations of necessary 
oxidation-resistant  coatings.  (Higher  temperatures  may  be  permissible i f  
experienced  for  relatively  short  periods  or if confined  to  localized  areas. ) 

The  suitability of these  alloys  for  use in the  heat  pipe  cooling  structure 
will now be  considered. While  high  temperature  operation  substantially  reduces 
the  heat  pipe  length  and,  to a lesser  extent,  the  heat  load,  there  is a strong 
incentive  to  operate  at  temperatures  at  which  superalloys  are  feasible. By 
limiting  heat  pipe  temperatures  to 1600 to  1800" F, the  as  -yet-unresolved 
problem of finding  reliable,  long-term  oxidation  resistant  coatings  for  the 
refractory  alloys  is  avoided,  and  the good strength  and  oxidation-resistant 
characterist ics of the  superalloys  may  be  utilized  to  their  best  advantage. 
Therefore,  only  Ren6 41,  Haynes 25, and  TD-NiCr  will  be  considered  further 
for  heat  pipe  cooling  structures. The composition of these  alloys  is  given  in 
table 8, and  their  physical  properties  are  given  in  table 9. 

Compatibility  with  sodium. - In  addition  to  the  property  data of table 9, 
the  compatibility of the  listed  alloys  with  the  sodium  heat  pipe  fluid  is of major 
concern.  Extended  tests of liquid  sodium  in  static  capsules,  rocking  capsules, 
and  thermal  convection  loops  at  temperatures up to  1500" F and  testing  periods 
up to 1000 hr  have  demonstrated  the  basic  compatibility of sodium  with  nickel- 
base  alloys  and  stainless  steel  (ref.  11).  Corrosive  attack  is  generally  limited 
to  light  intergranular  penetrations  to  depths of 1 to 2 mils,  and  is  believed  to 
result   from  the  presence of oxides of sodium. If the  oxygen  content of the 
sodium  is  maintained  below 10  ppm,  corrosion  effects  are  generally  minimal. 

Limited  corrosion  tests of cesium in  TD-Ni  refluxing  capsules  have  been 
conducted a t  1800" F for up to 500 hr  (ref.  12).  Since  the  corrosion  effects of 
cesium  are  qualitatively  similar  to  those of sodium,  and  TD-Ni is   similar  to 
TD-NiCr,  these  tests  provide  some  indication of the  compatibility of sodium 
and  TD-NiCr.  The  test  results  showed  that  although  corrosion  was  not  ex- 
tensive,  metallic  crystallites  were found in  the  bottom of the  capsules.  Also, 
it appeared  that  some of the  thoria  dispersoid  near  the  liquid  metal-vapor 
interface  in  the  reflux  capsules  had  been  lost.  Some  type of reaction  between 
the  thoria  and  liquid  metals  is  thus  indicated. 

At temperatures  above  1300" F, mass  transfer  effects  become  significant 
in  sodium  loops  when  temperature  differences  exceed 60"  F. Mass  transfer  is  
believed  to  occur  via  the following mechanism. In the  hot  section of the  loop, 
the  container  material  dissolves  in  liquid  sodium  and  is  transported  through  the 
loop. In colder  regions of the  loop, the container  material  comes  out of solu- 
tion  and is deposited on adjacent  surfaces. The  continuing  accumulation of 
solid  deposits  in  the  cooler  regions  can  eventually  restrict  or  even  block  the 
flow of liquid  sodium.  Mass  transfer  increases  with  the  temperature  difference, 
the  flow rate,  and  the  oxygen  content of sodium,  and  occurs  at a significantly 
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TABLE 8. - COMPOSITION O F  CANDIDATE HEAT PIPE ALLOYS 
~~ . - ~ 

~~ .. - ~ - - 

Constituents,  wt 70 

Mn 0 the I 
." "- 

0 . 3 S i  
0.02s 
. - _" 

1.4 

TABLE 9. - PROPERTIES O F  CANDIDATE HEAT PIPE ALLOYS (ref.  10) 

~ 

7 
_ _  . . - ~" 

R e n ' e   4 1   H a y n e s   2 5   T D - N i C r  

T e m p e r a t u r e ,  O F P r o p e r t y  

1600 1800  1600 

2 0 0 0 b  

2 . 2  
7 .0  

1 8 . 0  

1 3 . 3  

0 .160  

0 . 8 7  

1600 
~. 

4 6 0 0  

0 .9  
1 . 5  

1 9 . 0  

1 5 . 2  

0 .112  

0 .86  

1800  1800 

2 0 0 0 a  

1 4 . 0  

1 6 . 7  

0 .116  

1 4 0 0  

2 5  O O O b  

1400 

1 2  O O (  

0 . 4  
0 . 5  

2 2 . 5  

1 3 . 7  

0 . 1 1 0  

0 . 8 4  

0 . 3 3 0  

1 4 0 0  
. 

1 3  O O C  

1 4 . 0  

1 3 . 8  

0 . 1 3 5  

0 .70  

0 .306  

C r e e p   s t r e n g t h  
(0 .  5%/1000 hr) ,  p s i  

O x i d a t i o n   p e n e t r a t i o n ,  
mils 

1000  hr 
10  000 hr ( e x t r a p )  

M o d u l u s   o f   e l a s t i c i t y ,  
p s i  x 10-6  

T h e r m a l   c o n d u c t i v i t y ,  
B t u / h r  - f t  -' F 

S p e c i f i c  heat, 
B t u / l b - " F  

E m i s s i v i t y   ( o x i d i z e d  
s u r f a c e )  

1400b 

4 . 5  
11.0 

9 . 0  

1 4 . 3  

0 . 1 7 3  

0 . 8 7  

3000  

1 1 . 5  

1 4 . 7  

3.142 

3.72 

7000  

0 . 6  
1 . 8  

9 . 0  

1 5 . 4  

0 . 1 5 0  

0 . 7 4  0 . 8 8  

D e n s i t y ,  lb/in3 I 0 . 2 9 8  

a E s t i m a t e d .  
H e a t   t r e a t e d   2 1 5 0  F ( 1 / 2  hr ), a i r - c o o l e d ,   a n d   a g e d   1 6 5 0 "  F ( 4  hr '1. 
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greater  rate  with  nickel-base  alloys  such as Inconel  and  Hastelloy  than  with 
stainless  steel.  Mass  transfer  rates in Haynes 25, a cobalt-base  alloy,  are 
also  much  lower  than  for  the  above  nickel-base  alloys  (ref. 13), and  hence 
can  be  expected  to  be  appreciably  lower  than  in  the  nickel-base  alloys  Ren6 41 
and  TD-NiCr. 

In an  isothermal  liquid  metal  heat  pipe, mass transfer m a y  still  occur 
a s  a resul t  of the  continuous  distillation  and  condensation of the  heat  pipe  fluid. 
When the  heat  pipe  vapor  condenses, it is  pure  and  uncontaminated,  and  hence 
can  dissolve  container  material.  The  condensate  along  with  its  solute  then 
flows  toward  the  evaporator,  or  heat  input,  end of the  heat  pipe. Upon evapora - 
tion of the  liquid  metal,  the  dissolved  container  material  will  then  come  out of 
solution  and  accumulate  in  the  evaporator  section of the  wick.  The  same  trans - 
port  mechanism  can  also  lead  to  the  concentration of liquid  metal  oxides  in 
the  evaporator  section  and  consequent  intensification of liquid  metal  oxide 
corrosion. 

Mass  transfer  may  also  occur  as a consequence of the  radial  temperature 
gradients  across  the  wick  thickness.  These  temperature  gradients  could 
result  in  dissolution of container  material  from  the  hotter  wall  and  its  disposi- 
tion  on  cooler  portions of the  wick  at  the  evaporator  section,  and  vice  versa 
at  the  condenser  section. 

Mass  transfer  in  liquid  metal  heat  pipes  should  be  much  less  pronounced 
than  in  all-liquid-metal flow systems  because of the  much  lower  flow  rate  which 
is  required  in a heat  pipe  to  transfer a specified  amount of heat.  However, 
mass  transport   can be expected  to  become  more  significant  with  an  increase 
in  temperature  (because of increased  dissolution  rates  and  solubility  limits), 
operating  time,  (because of the  increase  in  the  total  mass  transport),  and 
surface  heat  flux  (because of the  increase  in  the  temperature  drop  across  the 
heat  pipe  wick). 

Longevity  tests of liquid sodium and  potassium  heat  pipes  have  confirmed 
that  operation  for  thousands of. hours  is  possible  without  adverse  effects  from 
mass  transfer  or  oxide  corrosion,  even  with  nickel-base  alloys.  Some of 
these  tests  are  summarized  in  table 10. In all of the  tests  neither  the  heat 
transfer  rate  nor  the  heat  pipe  temperature  distribution  changed  measurably 
with  time.  Internal  examination of the  potassium  -nickel  heat  pipe  whose 
operation  was  terminated  after 10 000 hr  revealed  negligible  evidence of mass  
transfer.  However,  some  corrosion  typical of that  caused by liquid  metal 
oxides  was  observed  in  the  wick at the  evapoyator  section. 

Gaseous  diffusion. - All of the  above  tests  were  conducted  in  vacuum  or 
in  an  inert  gas  atmosphere.  Little  lifetime  data  is  available  for  heat  pipes 
operating  in  air.  However,  there  are  indications  that  the  diffusion of gas 
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TABLE  10.  -LIFETIME  OF SODIUM AND POTASSIUM  HEAT PIPES (ref. 14) 

Heat  pipe  Heat  transfer 
fluid  Material rate, Btu/sec 

Sodium 

1110 Nickel Potassium 
1110 Nickel Potassium 
1470 Nickel Sodium 
1420 316Stainless Sodium 
1320 Hastelloy X 0.19 

0.28 
0.19 
1.14 
1.66 

Operating 
life, hr 
. . - . -. - -. 

20 000 
4 000 
8 200 

10 000 
38 000 

. " . . - . - .. . - 

Status, 
Sept. 1969 

. . - _ _ -  - 

Continuing 
Continuing 
Continuing 
Terminated 
Continuinga 
"- ~~ 

a 
Test  still continuing as of Sept.  1970. Personal  communication  with 
Y.  Eastman,  RCA,  Lancaster, Pa. 

through  the  heat  pipe  wall  into  the  interior  can  adversely  affect  heat  pipe 
operation  for  some  operating  conditions.  Such  diffusion is undesirable  for  the 
following  reasons:  the  accumulation of noncondensable  gas  could  shorten  the 
effective  heat  pipe  length;  the  formation of gas  bubbles  in  the  heat  pipe  liquid 
could  result  in  localized  boiling  and  hot  spots  in  the  evaporator  section of the 
wick;  and  the  formation of large  gas  bubbles  in  the  wick  could  impede  the  flow 
of liquid or  disrupt  the  liquid-vapor  interface,  leading  to  drying  out of the 
wick  and  overheating  in  the  evaporator  section. 

Experiments  in air with a 31 6 stainless flow  loop  containing  liquid 
potassium  have  shown  that  nitrogen  can  diffuse  through  the  container  wall at a 
significant  rate at 1500" F (ref. 4). 

It has  also  been  shown  that  hydrogen  can  rapidly  diffuse  through  the  wall 
of a sodium-stainless  steel  heat  pipe,  causing a cessation of capillary  pump- 
ing  and  overheating of the  evaporator  section  under  some  circumstances. ". 
The  hydrogen  is  believed  to  result  from  the  reduction of water  vapor  in  the air 
by  the  heat  pipe  surface.  Hence,  the  presence of moisture  in  the  atmosphere 
seems  to  be a prerequisite  for  the  onset of heat  pipe  burnout  due  to  hydrogen 
diffusion.  This  premise  was  verified in an  experiment in which  the  heat  pipe 
was first surrounded  with  argon  saturated  with  water  vapor.  Disruption of 
heat  pipe  operation,  as  evidenced  by a rise  in  the  temperature of the  evaporator 
section,  occurred  rapidly.  Normal  operation  was  then  restored  by  surrounding 

4- 

:k Personal  communication  with J. Kemme, LOS Alamos  Scientific  Labora- 
tory, Los Alamos, N. Mex. 
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the  heat  pipe  with  dry  gas,  thus  allowing  the  accumulated  hydrogen  to  diffuse 
out of the  heat  pipe. 

The  ra te  of hydrogen  diffusion  into  the  heat  pipe  was  greatly  reduced  by 
pre-oxidizing  the  exterior  surface of the  heat  pipe,  presumably  because  the 
oxide  formed a diffusion  barrier  as  well  as eliminating  the  presence of 
metallic  reducing  agent at the  heat  pipe  surface.  Diffusion  would  probably  also 
be  inhibited  by  fabricating  the  heat  pipe  wall  from  an  alloy  with  constituents 
such  as  zirconium  or  titanium  which would tend  to  react  with  the  diffusing 
gaseous  species. 

While  hydrogen  diffusion  can  apparently  be  expected  in  any  heat  pipe 
exposed  to  moist air, adverse  effects on heat  pipe  operation  have  only  been 
observed  with  relatively  thick  two  -layer  wicks  with  an all -liquid  flow  annulus. 
For  example,  while  severe  effects  were  noted  with a 17 -mil-thick flow  annulus, 
effects  were  minimal  with a 10 -mil-thick  annulus  and  negligible  with  single - 
layer  wicks. 

At  expected  cruise  altitudes of 90 000 to 120 000 f t ,  the  atmospheric 
pressure  is   on  the  order of 0.01 a tmosphere  or   less ,  and  the  moisture  content 
of the  atmosphere  is  quite low. (The  pressure  a t  the  stagnation  line  is  about 
0.1  atmospheres,  however.)  Therefore,  for a given  heat  pipe  temperature, 
diffusion  rates of gases  from  the  atmosphere  through  the  walls of the  heat  pipe 
cooling structure  should  be  much  lower  than  at  sea  level.  The  exterior  surface 
of the  heat  pipe  structure  will  also be preoxidized  in  order  to  increase  its 
emissivity,  thus  further  inhibiting  diffusion. 

Materials  selection. - Since it appears  that  the  heat  pipe  cooling  structure 
will  cover  only a small  fraction of the  total wing surface,  and  the  difference  in 
weight of structures  fabricated  from  each of the  candidate  materials  is  not 
likely  to  be  large,  strength  and  weight  were  not  prime  factors  in  the  materials 
selection  process.  Instead,  major  emphasis  was  placed on compatibility of the 
structural  material  with  the  sodium  heat  pipe  fluid  and  with  the  atmosphere  at 
expected  operating  temperatures. 

On a materials  compatibility  basis,  TD-NiCr would  have to  be  considered 
as   the  least   desirable  of the  three  candidate  materials.  In  addition  to  the  ex- 
perimental  evidence  previously  cited  which  suggests that the  dispersed  thoria 
can  react  with  liquid  metals, it does  not  seem  prudent  to  use a s t ructural  
material  with  an  oxygen-bearing  constituent  to  contain a liquid  metal  whose 
corrosion  behavior  is  very  sensitive  to  its  oxygen  content.  Even if the  thoria 
were  to be nonreactive  with  liquid  sodium,  the  feasibility of i ts   presence  is  
questionable,  since  adequate  wetting of a metal   surface by  liquid  sodium  is 
dependent  on  the  surface  being  oxide  free.  Inadequate  wetting of wick  and  inner 

53 



wall  surfaces  could  substantially  reduce  the  capillary  pumping  heat  transport 
limit and  the  boiling  heat  transport limit. 

The  choice of structural  material  then  lies  between  Ren6 41 and  Haynes 
25. From  the  compatibility  standpoint,  Haynes  25 is preferred  because it is 
a cobalt-base  alloy  and  hence is less subject  to  mass  transfer  in  liquid 
sodium than the nickel-base  Ren6  41,  and  in  addition is more  oxidation- 
resistant  than  Ren6 41.  Although  Rene  41 is stronger  and  has a lower  density 
than  Haynes 25, a lighter  structure  will  not  necessarily  result  with  Ren6 41 
because  the  thickness of sections  exposed  to  the  atmosphere  would  have  to  be 
increased  to  offset  the  greater  oxidation  penetration.  (See  table 9.)  

Also,  Haynes 25 has a higher  thermal  conductivity  than  Rene 41 and a 
lower  specific  heat.  The  higher  thermal  conductivity  will  result  in  lower 
maximum  structural  temperatures,  while  the  lower  specific  heat  can  result  in 
more  rapid  heating of the  heat  pipe  structure  during  the  climb  to  cruising 
altitude ( i f  the  product of specific  heat  and  total  structural  mass is lower  for 
Haynes  25). A rapid  increase  in  the  heat  pipe  temperature  during  startup  is 
desirable  to  minimize  or  prevent  possible  startup  problems. 

On the  basis of the  above  considerations,  Haynes 25 was  selected  as  the 
preferred  heat  pipe  structural   material ,   with RenG 41 as  a reasonable  alternate. 

Minimum  Thickness of Heat  Pipe  Cooling  Structure 

One of the  most  important  questions  related  to  the  feasibility of heat 
pipe  cooling  is  whether  the  heat  pipe  cooling  structure  can be accommodated 
within  the  confines of the  wing  profile. To answer  this  question,  an  investiga- 
tion of the  minimum  heat  pipe  thickness  required  for  effective  leading  edge 
cooling  was  carried  out.  The  investigation  was  performed  for  conditions  ap- 
proximating  those  encountered  during  hypersonic  cruise  flight,  but  detailed 
design  configurations  were  not  considered. 

Assumptions. - Minimum  thicknesses  were  determined  for  the  most  ex- 
treme  heating  conditions  of  interest  in  this  study,  which  correspond  to a Mach 
number of 12 and a sweep  angle of 0 O .  Circular  heat  pipes  with  the  same 
length  in  the  chordal  plane  and  heat  load  per  unit  span as are  required  for 
leading  edge  cooling  were  used  for  the  calculations.  The  heat  pipes  were 
assumed  to  be  straight,  and  were  subjected  to  an  acceleration of 0. 5 g along 
the axis from  the  condenser  to  the  evaporator  end. 
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The  latter  assumption  overestimates  the  static  liquid  pressure  drop  due 
to  acceleration,  since  for  the  actual wing geometry  the  distance  between  the 
condenser  end  and  the  leading  edge,  rather  than  the  entire  heat  pipe  length, 
determines  the  maximum  static  liquid  pressure  drop. The overestimate is 
small for  the  smaller  leading  edge  radii, on  which primary  design  interest 
is centered. 

Sodium  was  used  as  the  heat  pipe fluid. A two-layer  wick  was  used, 
consisting of a 10 -mil-thick  liquid  sodium  flow  annulus  and a porous  inner 
wick  layer of negligible  thickness.  Haynes 25 was  used  for  the  heat  pipe  wall, 
whose  thickness  was  taken  to  be 20 mils .  

Analytical  approach. - The basic  objective of the  study  was  to  calculate 
the  minimum  heat  pipe  diameter D for  which  the following cr i ter ia  would 
be  satisfied: 

1. Vapor  pressure  drop  does  not  exceed 10 percent.  (The  axial  drop 
in  vapor  temperature  is  then  less  than 2 0 "  F.) 

2 .  The  wick  pore  diameter Dp i s  not smaller  than 20  microns. 

3 .  Boiling  does  not  occur  in  the  heat  pipe  wick. 

The first  criterion  was  established  from  the  isothermal  heat  transport limit, 
the  second  from  the  entrainment  and  capillary pumping limits,  and  the  third 
from  the  boiling limit. Equations  and  data  needed  to  calculate  these  limits 
are  given  in  Appendixes B and C. 

For  a specified  leading  edge  radius  and  heat  pipe  vapor  temperature, 
and  with  the  above  assumptions,  the  heat  pipe  diameter D and  the  vapor 
space  diameter D, are  the  only unknown heat  pipe  dimensions.  The two 
diameters  are  related by 

D = D - 2 (tw + tc) 
V 

where & is  the  wall  thickness, tc is  the  wick  thickness,  and  dimensions 
a r e  given  in  inches.  Since tw = 0.020 in.  and tc = 0.010 in.,  equation (11) 
takes  the  form 
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D = D - 0.060 
V 

The axial heat f lux  5 can  then  be  expr.essed as 

where Q/B is  the  heat  load  per  unit  span  length  in  Btu/in-sec  and 6 is  the 
axial  heat flux in  Btu/in2  -sec. Upon solving  equation ( 12)  for D, 

The  heat  pipe  diameter  was  calculated  from  equation  (1 3)  for  the  largest 
axial  heat flux 6 for  which  the  three  criteria  cited  above  are  satisfied 
simultaneously. 

Results. - Results of the  calculations  are  given  in  figure 22, where 
the  minimum  heat  pipe  diameter  is  shown  as a function of the  heat  pipe  vapor 
temperature  and  the  leading  edge  radius.  In  order  for  the  heat  pipes  to  con- 
form  to  the  leading  edge  geometry,  the  minimum  heat  pipe  diameter  must  be 
less  than  the  leading  edge  radius.  Figure 22  shows  this  to  be  the  case  for all 
leading  edge  radii  equal  to  or  greater  than  0.25  in. at vapor  temperatures 
greater  than 1370 O F. Thus,  heat  pipes  can  be  accommodated  within  the wing 
structure  for  leading  edge  radii  as  small  as  0.25  in.  While  the  latter  state- 
ment  applies  specifically  for  the  circular  heat  pipes  used  in  the  analysis, it 
is  generally  valid  for  heat  pipes of other  than  circular  cross  -section,  heat 
pipe  diameter  being  roughly  equivalent  to  the  dimension  normal  to  the  wing 
surface. 

For  Mach  numbers  less  than 12 and  sweep  angles  greater  than O", the 
minimum  heat  pipe  diameters  will be smaller  than  those of figure 22. There - 
fore, it can  be  concluded  that  for  most  hypersonic  design  and  cruise  conditions 
of interest,  the  heat  pipe  cooling  structure  can  readily  be  accommodated  within 
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Figure 22. Minimum  heat  pipe  diameter. 

the wing profile.  Further, 
the  minimum  thickness of 
the  structure  may  well  be 
determined  by  fabrication 
and  dimensional  tolerance 
considerations  rather  than 
by  heat  transport  limits. 

It can be seen  from 
figure 22 that  the  minimum 
heat  pipe  diameter  starts 
to  increase  rapidly  as  the 
heat  pipe  vapor  tempera- 
ture  decreases.   For 
leading  edge  radii of 6 in. 
and  larger,  high  operating 
temperatures  are  neces - 
sary  in  order  to  avoid  ex- 
cessive  heat  pipe  diameters. 
For  example, when R = 6 
in.,  the  vapor  temperature 
should  exceed X 1500" F; 
when R = 12 in.,  the 
vapor  temperature  should 
exceed M 1700" F; and 

when R = 24 in.,  the  vapor  temperature  should  exceed M 1850" F. 

It  must  be  emphasized  that  the  conclusions  regarding  operating  tempera- 
ture  for  the  larger  leading  edge  radii  are  not  definitive,  since  for  these  larger 
radii, wing geometry  has  an  important  influence on  the  required  heat  pipe 
diameter.  The  reason  that  the  diameters of figure 22  become  quite  large  for 
the  larger  radii  is  that  the  associated  heat  pipe  lengths  are  large. As a result ,  
the  static  liquid  pressure  drop  due to  the assumed 0 .5  g axial  acceleration  can 
become so high  that  the  maximum  pressure  difference  between  the  vapor  and 
liquid  can no longer be sustained  by  surface  tension,  even  when  the  vapor  pres - 
sure  drop is zero.  (see  figure  4). 

For  the  actual wing,  the  maximum  static  liquid  pressure  drop is deter - 
mined by the  distance  between  the  condenser end of the  heat  pipe  structure  and 
the  leading  edge,  rather  than  by  the  entire  heat  pipe  length  (as  was  assumed  for 
the  calculations of figure 22). Hence,  the  static  liquid  pressure  drop  for  the 
actual wing will  be  smaller  than  has  been  calculated,  and  actual  heat  pipe 
diameters  will  be  smaller  than  those shown  in figure 22. The  difference  in  heat 
pipe  diameters  is  small  for  leading  edge  radii  less  than 2 in.,  but is quite 
significant  for  radii of 6 in.  and  larger. 
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When the sweep  angle is greater  than O", the  liquid  static  head  and 
hence the required heat pipe diameters can  be  reduced  further  by  orienting  the 
heat pipe axis along the normal  to  the  leading  edge  instead of parallel   to  the 
direction of acceleration. 

Design  for  Mach 8, 65  Degree  Sweepback Wing 

The  preliminary  design of a heat pipe  cooling structure  has  been  carried 
out,  subject  to  the  criteria of table 11. 

TABLE; 11 - CRITERIA  FOR  PRELIMINARY DESIGN OF HEAT PIPE 
COOLING STRUCTURE 

Mach  number 
Dynamic  pressure 
Leading  edge  radius 
Sweep  angle 
Angle of attack 
Vertical   acceleration 
Horizontal  acceleration 
Heat  pipe  fluid 
Heat  pipe  vapor  temperature 
W a l l  and  wick  material 
Minimum  gage  structural  thickness 

8 
800 psf 
0.5 in. 
65  deg 
7 deg 
1.0 g (upward) 
0.5 g (forward) 
Sodium 
1540" F 
Haynes  25 
0.020 in. 

I ... .. - . ~ 

Additional  design  data  corresponding  to  the  criteria of table 11 a r e  
given  in  table 12. Data are also  given  for  leading  edge  radii of 0.25  and 1 in. 
because  designs  for  these  radii  are  considered  in a subsequent  section. 

Initial  design  studies  were  carried  out  for  the 0. 5-inch-leading-edge- 
radius  wing.  The first step  was  the  determination  of  the  overall  length of the 
heat  pipe  cooling  structure. 
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TABLE 12. - ADDITIONAL DESIGN  DATA 

I 
Leading  edge  Stagnation  heat 

radius,  in. I flux,  Btu/ft2-sec 

0.25 

30.2 1.0 
42.9  0.5 
60.5 

I 

Heat  load, 
Btu/in- sec 

0.358 
0.468 
0.594 

Heat  pipe  Leading  edge 

15.0 
20.3 
26.7 

1.37 
2.75 
5. 50 

Overall  length. - In  the  design  concepts  which  were  studied,  the  portion 
of the  nose  over  which  the  heat  pipe  cooling  structure  extends  was  considered 
to  be a separate  structural  entity,  to  be  mechanically  fastened  to  the  primary 
wing structure.  As  is  shown  in  figure 23,  the  heat  pipe  structure  extends  over 
a portion of the  lower wing surface, s o  that  the  entire  nose  section  is  essentially 
isothermal. If the  radiation  equilibrium  temperature Te of the  lower wing 
surface is higher  than  the  heat  pipe  vapor  temperature Tv, there  will  be a net 
increase  to  the  heat  pipe  load  which  requires  that  the  heat  rejection  length  LC 
be  extended by the  distance  Le,  as shown in  figure 23. If Te is  lower  than 
Tv,  the  length L a  of the  lower wing surface  represents  additional  heat  rejec- 
tion  surface  which  permits a reduction  in  the  heat  rejection  length  LC on  the 

Primary wing 
Isothermal nose section  structure 

Figure 23. Design  concept  for  heat-pipe  -cooled,  isothermal  nose  section. 
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upper  surface. If Te is equal  to T,, the  lower  surface of the  nose  sec- 
tion is adiabatic,  and  LC is anchanged  by  the  presence of the  added  heat  pipe 
length  Lp . 

For  the  case  when Te of the  lower wing surface  is   higher  than Tv, 
the  longer  the  length  Ln of the  isothermal  nose  section,  the  larger  will  be 
the  required  increment  Le in the  heat  rejection  length. The length  Ln 
should  be  sufficient  to  facilitate  assembly of the  nose  section  to  the  primary 
wing structure,  but  not so long  that  the  increase  Le  in  the  heat  rejection 
1.ength becomes  excessive. 

The  heat  load  per  unit  span  length  Ql/B  on  the  lower  edge of the 
isothermal  nose  section  can be obtained  from  equation (9)  or  ( l o ) ,  with  L, 
used in place of LC  and  Q,/B  used  in  place of Qc/B. A negative  value 
for  Q,  /B  denotes a net  input of heat  to  the  heat  pipe  cooling  structure. The 
required  increment  Le in the  heat  rejection  length  is  then  given by 

For  purposes of this  study,  the  length L, was  assumed  to be  equal  to 
LC cos y . The geometry of the  nose  section  is  then  as  shown  in  figure 24. 
From  f igure 24 and  the  information  which  has  already  been  developed,  the  nose 
section  geometry  can  be  defined  completely. In figure 25,  the  nose  section 
lengths  Ln  and  Ln t A Ln  along  the  chord at Mach 8 and  Mach 10 a r e  
shown as  a function of heat pi.pe vapor  temperature  for a leading  edge  radius of 
0 . 5  in. , a sweep  angle of 65 O ,  and  an  angle of attack of 7 O . Ln  is  the  chordal 
length if heat  pipe  cooling  were  provided  for  the  rounded  leading  edge  only, 
while A Ln  is  the  required  increment  in  Ln  when  the  lower  surface of the 
nose  section  is  also  cooled. 

It can  be  seen  from  figure  25  that, at Mach  8,  an  extension of the  heat 
pipe  cooling structure beyond the  nose  section  is  required  until  the  lower  sur- 
face  equilibrium  temperature of 1720" F is  reached. At  Mach 10, the  heat 
pipe  cooling structure  must be extended  beyond  the  isothermal  nose  section 
until  the  lower  surface  equilibrium  temperature of 1855" F is  reached. At the 
proposed  heat  pipe  vapor  temperature  of 1540 O F, the  chordal  lengths  Ln 
and A Ln  are:  
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M Ln,  in. 

8  18.66 
10 36.4 

A Ln,  in. 

14.40 
51.4 

L t A L  , in. 
n  n 

33.06 
87.8 

The  lengths of the  isothermal  nose  section and of the  extension  to  the 
heat  pipe  cooling  structure  appear  to be quite  reasonable at Mach  8,  but  may 
be  somewhat  unwieldy at Mach 10. The  overall  length  in  the  chordal  direction 
may be reduced  by  an  increase  in  the  heat  pipe  vapor  temperature  and/or a 
reduction  in  the  isothermal  nose  length. 

From  figure 25,  the  overall  length  at  Mach 10 can  be  reduced  to 33 in. 
(the  length  at  Mach  8  and 1540 O F) by raising  the  heat pipe  vapor  temperature 

E b 

A 

E b 

A 

ED = Le 
DC = LC 
AB = LQ 

aD = DCsin-y 
bD = EDsin-y 
bE = ED cosy 

bA = b D + a D + 2 R  

AD = a D + 2 R  

tan y = - bA 
bE 
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Heat  pipe  vapor  temperature, F 

F i g u r e  25. 
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to  1700" F. If, at Mach 10 and  1540" F, the  chordal  length of the  isothermal 
nose  section  were  reduced  to  18.6 in. (the  isothermal  nose  section  length at 
Mach 8 and 1540 " F), the  chordal  length A Ln  of  the  extension  would  be  cut 
in half.  The  overall  chordal  length  would  then be the s u m  of the  length  Ln 
for  cooling  the  rounded  leading  edge  plus  one-half  the  length  increment 
A Ln, or  36.4 + 25.7 = 62.1  in.  The  design of the  heat  pipe  cooling  structure 
for  operation at Mach 10 will  be  considered  in  more  detail  subsequently. 

Cross-sectional  dimensions. - The  next  step  in  the  design of the  Mach 8 
heat  pipe  cooling  structure  was  the  determination of cross  -sectional  dimen- 
sions.  The  cross-sections  which  were  considered  are shown  in  figure 26. 
The  circular  cross  -section  was  included  primarily  for  reference  purposes. 
In  rectangular  cross  -section B, the  wick  structure  lines  only  the  interior s u r  - 
face of the  outer  wall.  In  rectangular  cross-section C, the  wick  lines all the 
interior  surfaces of the  heat  pipe  structure.  The  wick  is of the  two-layer 
type,  consisting of a liquid  sodium flow  channel  adjacent  to  the  wall  and  an 
inner  wick  layer  adjacent to  the  vapor  space.  The  liquid  sodium  flow  channel 
m a y  be  open,  with  liquid  sodium  filling  the  entire  volume,  or  porous,  with 
liquid  sodium  occupying  the  voids  between  the  solid  elements of a porous 
metallic  filler. 

Primary design  consideration  was  given  to  the  heat  pipe  structure  as a 
double-walled  shell  around  the  periphery of the  nose  section.  The  vapor 
space  is  then  confined  between  the  inner  and  outer  walls of the  rectangular 
sections,   as  is  shown  in  figure 26. 

On the  basis of the  previously-described  minimum-thickness  studies 
and  considering  minimum  dimensions  to  which  the  heat  pipe  structure could 
reasonably be fabricated, a vapor  space  thickness Hv of 0.200 in.  was 
specified.  Because  both  the  internal  and  external  pressures  to  which  the 
heat  pipe  structure  will  be expm3sed are  moderate,  the  minimum  gage  thickness 
of 0.020 in.  was  specified  for  the  Haynes  25  walls  and  supporting  ribs.  The 
thickne s s tp of the  porous  inner  wick  layer  was  taken  to be  0.010  in. 

The  remaining  unspecified  dimensions  are  the  vapor  space  width Wv 
(for  the  rectangular  sections),  the flow  channel  width ta, and  the  pore 
diameter Dp  of the  inner  wick  layer. The  width Wv was  established 
f rom  s t ress  and  deflection  requirements, and the  width ta and  diameter 
Dp were  established  from  heat  pipe  heat  transport  limits. The  wick  friction 
factor K for  the  porous  liquid  sodium  flow  channel  and  its  effective  capillary 
pore  diameter Da represent  additional  design  variables. 

S t ress  and  Deflection. - The  walls of the  heat  pipe  cooling  structure  will 
be  subjected  to  stress  and  deflection  because of the  pressure  difference  be- 
tween  the  interior  and  exterior of the  structure.  Since  the  direction  and  the 
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magnitude of the  pressure  differential  are  quite  different  during  cruise  and 
when  the  aircraft is on the  ground,  both  conditions  must  be  considered. The 
internal  pressure Pi and  the  external  pressure Po for  ground  and  cruise 
conditions a re   l i s ted  below. 

Cruise  (refs.  5, 6) 

Stagnation  Line Flat  Surface 
P res su re  Ground 

Po, psia 

-9.1 -7.33 14.7 Po -Pi, psia 

9 .2  9.2 0 Pi, psia 

0.12 1.87  14.7 

For  the  circular  cross-section,  the  wall hoop stress  was  calculated 
from  the  equation 

s =($)(Po - Pi) 
W 

- 
where & is  the  wall  thickness  and r is  the  mean wa .11 radius. 

The  pressure  difference  Pb  required  to buckle  the  heat  pipe  wall  was 
calculated f r o m  the  equation  (ref.  15) 

E 
P =  

b 2 4 ( 1  -I/ ) 

where E is  the  modulus of elasticity and v is Poisson's  ratio  (assumed 
to be 0.3). 

For  the  rectangular  sections,  the  stress  in  the  ribs  was  calculated  from 
the  equation  (ref. 16), 

= - - pi) 
W 
t 
W 
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where W is  the  centerline  distance  between  ribs. 

The  bending stress  in  the  inner  and  outer  heat  pipe  walls  was  calculated 
from  the  standard  beam  formula  (ref.  16)  

where M is   the  bending  moment, I is the  moment of inertia of the  wall 
cross  -section  about  its  centerline,  and & is  the  wall  thickness. The walls 
were  assumed  to  have  fixed  ends at points of contact  with  the  ribs.  For  these 
conditions, it can  be  shown  that  the maximum bending stress  from  equation 
(18)  takes  the  form 

s=(:) 2 

2 (Po - Pi)  

The  pressure  differential Pb which is  required  to  buckle  the  ribs of 
the  heat  pipe  structure  can be expressed  in  the  form  (ref.  15) 

where H is  the  rib  height. 

The  maximum  deflection y of the  heat  pipe  walls  can be expressed  in 
the  form  (ref.  15) 

W = 0.0312( poi pi) ( F)3 W 

The rib  centerline  width W was  calculated  from  equation  (21)  for  the  case 
where y/W = 0.001. 
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Data  for  Haynes  25  which is needed  for  the stress and  deflection cal- 
culations at the  cruise  heat  pipe  temperature of w 1540" F can be  estimated 
from  table 9. Needed  room  temperature  data  for  calculations  while the 
hypersonic aircraft is on the ground are: E = 34.2 x 106psi,  yield 
s t r e s s  = 67 000 psi. 

The  calculation of W from  equation  (2  1)  yielded  the  following  results. 

w, in. 
Ground  (room  temp)  0.841 
Cruise  (1540" F) 0.832 

On  the  basis of these  results,  the  vapor  space  width  for  the  rectangular 
sections  was  specified  to  be 0.800  in.  With  this  width,  the  maximum  frac- 
tional  deflection of the,  walls will be less than  0.001  for  cross  -section B of 
figure 26, and  somewhat  more  than 0.001 for  cross  -section C (depending  on 
the as -yet -to  -be specified  thickness ta of the  liquid  flow  channel). 

A summary of the  stress  calculations,  in  which W and H were 
given  the  approximate  values of 0.800  in.  and  0.200  in.  respectively, is 
presented  in  table 13. 

TABLE 13. - STRESS  CALCULATIONS  FOR  HEAT PIPE 
COOLING STRUCTURE 

I Cylindrical  cross  -section 

Ground Cruise 
(Room  temp) (1540" F) 

~ ~~ 

Max. wall   stress  (hoop  stress),   psi  
29 700 49 500 Buckling  pressure,  psi 

52.4  -84.5" 

I Rectangular  sections 

Ground Cruise 

Max. r i b  stress, p s i  

16 900 28 200 Rib  buckling  pressure,   psi  
7 270 11 730 Max.  wall  bending  stress,  psi 

3 64 -588" 

a Minus  sign  denotes  compressive  stress. 
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It is evident  that  buckling  will  not  be a problem,  since  pressure  dif-  
ferentials  necessary  for  buckling  are  well   in  excess of 10 000 psi  while  the 
maximum available  pressure  difference Po - Pi is  14.7  psi.  Similarly, 
the  hoop  and  r ib  stresses  are  well  below  the  yield s t r e s s  of  67 000 psi  at room 
temperature  and  the  stress of 7000 ps i   for  0.570 creep/1000  hr at 1540" F. 

The  most  cri t ical   stress  condition is the  bending stress  in  the  walls of 
the  rectangular  sections.  At  room  temperature  the  bending  stress is about 
1/6 of  the  yield  stress.  However,  at  1540" F the  bending stress  and  creep 
stress  are  comparable.  Over  an  operating  period of several  thousand  hours, 
some  plastic  deformation of the  most  highly  stressed  wall  fibers  could  develop. 
Whether  such  deformation  would be acceptable  from a design  standpoint  is a 
question  which  was  not  resolved  during  this  preliminary  study. If desired, 
the  bending s t ress   can be reduced by an  increase in the  wall  thickness  and/or 
a decrease in the  rib-to-rib  spacing. 

Wick  design. - The remaining  design  factors  to  be  established  are  the 
characterist ics of the  liquid  flow  channel  and  the  inner  wick  layer.  (The 
thickness tp of the  inner  wick  layer  has  already  been  specified. ) Determina- 
tion of these  factors  requires  detailed  consideration of heat  pipe  heat  transport 
limits. 

Liquid  static  pressure  drop:  The  initial  information  required  is  the  mag- 
nitude of the  liquid  static  pressure  drop A PIS which  is  produced by accel-  
eration. The pressure  drop A PI may be calculated  from  the  equation 

A PI = wr! (n cos R + n  cos R ) 
V v h  h 

3 
where wp is  the  liquid  specific  weight in lb/in , I is  the  straight-line 
distance  from  the  condense'r  end of the  heat  pipe  cooling  structure  to  some 
other  point  along  the  heat  pipe  length  in  inche's, nv is  the  vertical   accelera- 
tion  in  number of gls, nh is  the  horizontal  acceleration  in  number of gls, 

is the  angle  between  the  vertical  acceleration  vector  and  the  line  segment 
1 , and 52 is  the  angle  between  the  horizontal  acceleration  vector  and  the 
line  segment I . h 

The  relation of the  acceleration  vectors  to  the  geometry of the wing 
cross  -section  is  shown  in  figure 24. The  end of the  condenser  section  is at 
point E. The vertical  acceleration  is  taken  as  positive when directed  up- 
ward  and  as  negative  when  directed  downward.  The  horizontal  acceleration 
is  taken  as  positive  when  directed  in  the  direction of flight  and  as  negative 
when  directed  opposite  to the  flight  direction.  The  angles S2 and S2 h 
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are  positive  in  the  counterclockwise  direction  and  negative  in  the  clockwise 
direction. 

As  will be shown later,  the  liquid  pressure  drop  between  the  condenser 
end at point E of figure 24 and  points C (the  evaporator  -condenser  in- 
terface)  and A (the  beginning of the evaporator  section)  are of pr imary  
interest.  From  the  relationships  presented  in  figure 24 and  previously 
developed  geometrical  data, it can be established  that  the  length of l ine  seg-  
ment  EC  is  32.0 in. and  that the length of line  segment  EA  is  14.90  in. 

During  and  in the vicinity of cruise  flight,  the air craft  m a y  be  subjected 
to a variety of acceleration - angle of attack  combinations.  These  various 
combinations,  along  with  the  resulting  liquid  static  pressure  drop  (or  rise) 
between  line  segments  EC  and  EA of figure 24, a r e  given  in  table 14. 
A negative  value  for  the  pressure  drop  in  table  14  denotes a pressure  r ise .  

TABLE  14. - STATIC LIQUID PRESSURE DROP IN HEAT PIPE DUE 
TO ACCELERATION 

" " I ~  
Angle of Vertical 

accel.,   #gts  accel.,   #gts  attack,  deg 
Horizontal 

Case 

~ 

7 

0.0 -0.5 0 
-0.5 1.0 7 
0.5 1 .0  7 
0.0 1.0 

14 2.0 0.0 

1 Pressure  drop,   psi  I -~ 

Segment E C ~  

0.0274 
0.461 

-0.408 
0.0394 
0.266 

I 
Segment  EA^ 

-0.0570 
0.1432 

-0.258 
0.0527 

-0.01 55 

a See  figure 24. 

Case A represents  the  basic  steady-state  cruise  design  condition.  Cases 
B and C represent  transient  situations  in  which  the  aircraft  undergoes  horizon- 
tal acceleration  or  deceleration  while  cruising.  Case D is  representative of 
the  transient  condition  encountered  during  noseover,  and  Case E represents 
conditions  encountered  during a banking maneuver. The largest   static  l iquid 
pressure  drops  occur  for  case B, and  hence  were  used in the  design  calculations. 

Diameter of curvature at liquid-vapor  interface:  The  next  step  in  the 
design  procedure  was  to  calculate  the  diameter of curvature Dc at  the 
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liquid-vapor  interface  which  is  required if surface  tension  is  to  balance  the 
maximum difference  between  the  vapor  and  liquid  pressures.  The  pore  dia- 
meter  D of the  inner  wick  layer  must  be  less  than Dc. The  calculations 
were   pergrmed  for   an  open  liquid  flow  channel  and  for  liquid  flow  channels 
filled  with  five  representative  porous  wick  materials.  The  properties of the 
porous  wick  materials  are  l isted  in  table 15. 

TABLE  15. - PROPERTIES O F  POROUS WICK MATERIALS (ref.  17) 

Identif. 
NUI-II- 

be r 

H11 
H12 
M7 

M8 

M10 

Sintered  fiber  (430 S.S.) 
Sintered  fiber (430 S.S.) 
50-mesh  sintered 

screen  (Ni)  
100 -mesh  sintered 

screen  ( N i )  

sc reen  (Ni)  
200 -mesh  sintered 

~. ~ - 

Mean  fiber 
or  wire 

dia.,  mils 

1.3 
1.3 

9. 

4.5 

Porosi ty  

0.887 
0.807 

0.625 

0.585 

0.651 
-. . . ." . " - 

Wick 
friction 
factor, 
mils  -2 

1.180 
3.30 

0.974 

4.21 

8.35 

." -. "" 

Mean pore 
dia. , 

microns a 
~. . ~ .  " 

190 
129 

6 09 

263 

126 
. -. ." . . . . . . . - 

a Based  on  capillary  rise  experiments  with  water,  using  oxidized  samples. 
Perfect  wetting  assumed. 

In  table 15, the  identification  numbers  refer  to  specific  wick  test 
samples  from which  the  indicated  data  were  obtained.  The l lH1f  numbers 
designate  sintered  fiber  samples,  and  the I'M1' numbers  designate  sintered 
wire  screen  samples.  The  wick  friction  factor  is  the  inverse of the  perme- 
ability,  and  is  used in the  calculation of the  liquid  pressure  drop  through  the 
wick  material. 

Using the  methods of Appendix B, the  diameter of curvature Dc was 
calculated  as a function of liquid  channel  thickness ta for  the  cross  -sections 
of figure 26. The  calculation  was  performed first for  an  open  liquid flow 
channel.  Results  for  the  porous  flow  channels  were  then  obtained  using  the 
following  relation,  which  is  derivable  from  Appendix B. 

K 3  t = "t 
ap 8 a 
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In  equation (23) ,  tap  is  the  thickness of a porous flow  channel  with 
wick  friction  factor K for  which  the  liquid  pressure  drop  is  the  same  as  that 
of an  open flow channel of thickness  ta . Once a curve of ta versus  Dc 
was  available for a heat  pipe  with  an  open  liquid flow  channel, a similar curve 
for a porous flow  channel  could be obtained  for a given  heat  pipe by simply 
plotting  obtained  from  equation ( 2 3 )  for a specific ta against  the Dc 

to  that ta. 

Since  the  liquid  static  pressure  drop  is  larger  at  the  evaporator-condenser 
interface  than at the  beginning of the  evaporator  section  (as  Case B of table 14 
shows), it is  possible  that  the  minimum  diameter of curvature m a y  occur at 
the  evaporator  -condenser  interface. In the  calculations, Dc was  evaluated 
at  both  the  evaporator  -condenser  interface  and  the  beginning of the  evaporator 
section,  and  the  smaller  value  was  used  as  the  basis  for  design. 

In  figures 27, 28, and 29, the  liquid  flow  channel  thickness  is  shown  as 
a function of the  minimum  diameter of curvature  and flow channel  type  for  the 
three  cross  -sections of figure 26. It is  evident  that,  for a given  diameter of 
curvature,  the  open flow channel  is  the  thinnest,  followed by the  porous  flow 
channels  containing  50-mesh  screen (M7) and  sintered  fibers  (H11). The H13 
porous flow  channel  was  selected  for  further  consideration  along  with  the  open 
channel. 

The H11 channel  was  selected  over  the M7 flow channel  because, 
as   can  be seen  from  table 15, the H11 material   is   more  porous,   is   com- 
posed of much  finer  structural  elements  (1.3-mil  fibers  versus 9-mil wires 
for  the M7 screen) ,  and  has  about  1/3  the  mean  pore  diameter.  Since  the 
density of metallic  fibers  and  wires is much  higher  than  that of the  sodium 
which  fills  the  pores, a  flow  channel of the  higher  porosity H11 material  
will  weigh  less  than  that of the  lower  porosity M7 material  of approximately 
the  same  thickness.  Because of the  relative  coarseness of its  wires,  the  flow 
channel  comprised of M7 wire  mesh  must  have a minimum  thickness of 
18 mils  (one  layer of mesh),  and  will  probably  require a thickness  several 
t imes  greater  in order  to  obtain a  flow  channel  with  reproducible flow charac- 
teristics  and  minimum  edge  effects. The  H11 fibers,  on the  other  hand, 
a r e  only 1.3  mils  in  diameter,  and a flow  channel  containing  this  material  can 
be  much  thinner  while  stil  retaining good homogeneity and reproducibility. 

Finally,  because of its  smaller  pore  size,  the H11 sintered  fiber 
channel  can  support a vapor-liquid  pressure  difference  three  times  greater 
than  can  be  supported by  the M7 wire  mesh.  This  property is normally  not 
of consequence  because it is  the  inner  wick  layer,  rather  than  the  liquid flow 
channel,  where a surface  tension  barrier  between  vapor  and  liquid  must  be 
provided.  However, it can be  important if the  liquid  sodium  column  should  be 
disrupted  by  some  external  disturbance  during  heat  pipe  operation. The 
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Figure  27.   Liquid  f low  channel   thickness   for   var ious  wick  types.  
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liquid-vapor  interface  would  then  extend  into  the  liquid  flow  channel,  and  the 
channel  with  the finer pores would  then  refill  with  liquid  more  quickly  under 
more  severe  operating  conditions. 

It was  estimated that the  minimum flow channel  thickness  for  ease of 
fabrication  and good dimensional  reproducibility  would  be 9 mils for  the  open 
channel  and 30 mils for the H11 sintered  fiber  flow  channel.  Then,  from 
figures 27-29, the  minimum  diameter of curvature Dc will lie in  the  range 
of 113  to  132  microns  for the open  flow  channel  and  in the range of 88 to  114 
microns  for  the H11 sintered  fiber  channel.  These  curvatures  will  be 
achievable i f  the  pore  diameter  in  the  10-mil-thick  inner  wick  layer is l e s s  
than  the  minimum  diameter of curvature of 88 microns.  This  requirement 
is readily  met  by  fabricating  the  inner  wick  layer  from  three  layers of 2 0 0 -  
mesh  screen,  whose  spacing  between  wires is about 70 microns.  Thus,  both 
open  and  porous  liquid  flow  channels  appear  to  be  feasible,  and  the same wick 
characterist ics  can be used  for  each of the  heat  pipe  cross  -sections of fig- 
ure 26. 

Additional  calculations  confirmed  that  for all of the  cross  -sections,  the 
axial (chordwise)  temperature  drop  along  the  heat  pipes is negligible,  and  that 
entrainment  and  boiling  limits  would  not be encountered.  Results of the  wick 
design  calculations  are  summarized  in  table 16. 

Temperature  drop: The total  wick  temperature  drop  (through  both  the 
inner  wick  layer  and  the  liquid flow channel)  was  calculated  to  be  8.6" F for 
the 9 -mil open  flow  channel  and  17.8 O F for  the 3 0  -mil porous  flow  channel. 
In  the  wick  temperature  drop  calculations,  the  thermal  conductivity of the 
sodium-filled  porous  wicks  was  obtained by weighting  the  thermal  conductivity 
of the liquid  and  solid  components  by  the  volume  fraction  occupied  by  each 
component.  Aporosity of 0.65  was  used  for  the  200-mesh  inner  wick  layer. 
The  porosity of the H11 sintered  fiber  flow  channel is given  in  table  15. 

Selection ~~ of Cross-Section. - The  weight pe r  unit  surface  area of heat 
pipe  cooling  structures  with 9 -mil open  flow  channels  and  30-mil  porous  flow 
channels is given  in  table 17. 

The  rectangular  cross-section of figure 26B is seen  to  yield  the  lowest 
weight  for  either  flow  channel  type,  followed  by  the  rectangular  cross  -section 
of figure 26C and  the  circular  cross-section of figure 26A. Since  the  circular 
cross  -section is the  heaviest  and  in  addition  would  present  serious  fabrication 
problems  (in  attempting  to  bend  the  circular  heat  pipe  to  form a 0.5-inch- 
radius  leading  edge), it will  not be considered  further. 

On  the  basis of weight, the cross-section of figure 26B would  be preferred.  
However,  with this cross  -section  the  wick  only  covers a portion of the  interior 
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TABLE  16. -SUMMARY 

Vapor 
Liquid 

channel 

p r e s  - 
drop, 

Cross  -section sure  flow 

% 
~ 

Circular 9 -mil, 
(fig. 28A) 

2.44 H11 
3 0 -mil, 

2.44 open 

Rect.  (fig.  28B) 9-mil, 
open 

H11 
3 0 -mil, 

0.57 

0.57 

Rect  (fig.  28C) 9-mi1, 
open 

H11 
3 0 -mil, 

0.60 

0.60 

3F WICK 

Max. 
pv  -PI .' 

psi  

0.609 

0.674 

0.569 

0.782 

0.520 

0.600 

: I  DESIGN CALCULATIONS 
. ..___ 

Dia. 
curva - 
ture,  

microns 
- 

113 

102 

121 

88 

132 

114 

"_ 

Min.  porl 
dia.  for 

entrain. 
microns 
- ~ - . - ._ .- 

378 

378 

1070 

1070 

9 83 

983 
. 

. .  

Max.  dia. 
curvature 

for 
boiling, a 
microns 
" " -~ 

2.02 

2.06 
__- 

2.02 

2.06 

2.02 

2.06 

a Based  on  nucleation  site  radius of  1 micron. 

surface of the  heat  pipe  structure.  While  this  should  not  present  any  problem 
during  steady-state  operation,  some  condensation  may  occur  on  the  interior  un- 
wicked  walls  during  startup,  when  the  interior of the  heat  pipe  structure is cooler 
than  the  portionadjacent  to  the wing surface.  It is expected  that  this  condensate 
will  eventually  find  its  way  into  the  wick,  in  which  case  the  effect on heat  pipe 
operation  would  be  minimal.  However,  'the  feasibility of the  partially-wicked 
cross  -section  would  have  to be demonstrated  experimentally.  For  purposes 
of this design  study, it was  assumed  that  the  partially-wicked  design is 
feasible. If the  partially-wicked  design  should  not  be  feasible  then  the  rec- 
tangular  section of figure 26C can be used, at the  expense of a 14  percent 
weight  increase  with  the 9 -mil open  flow  channel  and a 32 percent  weight  in- 
crease  with  the  30-mil  porous  flow  channel. 

Selection of flow  channel. - Next,  the  selection of the  flow  channel  type 
was  considered.  For  the  selected  rectangular  cross-section of figure 26B, 
the  heat  pipe  structure is about 4 percent  heavier  with  the  30-mil  porous  flow 
channel  than  with  the 9 -mil open  flow  channel.  However,  the  porous  flow 
channel  can  withstand a greater  vapor  -liquid  pressure  differential,  which  could 
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TABLE  17. - WEIGHT PER UNIT SURFACE  AREA O F  HEAT PIPE DESIGNS 

Cross  -section I Liquid  flow  channel I Weight, lb/ft; 1 
Circular  (fig. 26A) 

Rect. (fig. 26B) 

~~ 

Rect. (fig. 26C) 

9 -mil, open 
3.85 30-mil, H11 
3.34 

3.29 30-mil, H11 
2.72 9 -mil, open 

2.49 30 -mil, H11 
2.38 9 -xil, open 

- 

~~ 

be  important  to  restoration of normal  operation i f  the  liquid  column  were  to 
be  disrupted  by  an  external  disturbance.  For  the  porous  channel,  the  maxi- 
m u m  pressure  difference P, - Pm in  psi  which  can be sustained  is  given by 

P -PI = 8480 
5 

V a 

where cr is  the  surface  tension  in  lb/ft  and Da i s  the  mean  pore  diameter 
in  microns.  For  the  open flow  channel,  the maximum Pv - P f  which  can be 
sustained  is  given by 

Pv - Pa = 4240 - 5 

t a 

where ta is  the  channel  thickness  in  microns. 

Since u (1540" F) = 0.0081  lb/ft, D a =  190 microns,  and ta = 9 mils  = 
228 microns,  the  use of equations  (24)  and  (25)  yields P, - Pa = 0.361  psi 
for  the  porous flow channel  and P, - Pa = 0.150 psi  for  the  open flow 
channel.  Thus,  the  porous  channel  can  withstand a pressure  difference  almost 
2 -1/2 times  larger  than  the  open  channel,  although  neither  channel  can  with- 
stand  the  design  pressure  difference of 0.569 psi  for  the  open  channel  and 
0.782 psi  for  the  porous  channel.  (See  table  16.) 
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The  design  pressure  differences are based on the  assumption  that  the 
hypersonic  aircraft is undergoing a forward  acceleration of 0.5g. If the 
liquid  sodium  column  were  to  be  disrupted,  the  column  could  be  restored  to 
its full  length  by  reducing the forward  acceleration. If the  acceleration  were 
reduced  to  zero, the liquid static pressure  drop would  then  drop  from 0.461 
ps i  (as shown  in  table  14)  to 0.027 psi.  The  maximum P, - PI to  be  sus- 
tained  by  surface  tension  would  drop  from 0.569 psi  to  0.135  psi  for  the  open 
channel  and  from  0.782  psi  to  0.348  psi  for  the  porous  channel.  Thus,  in  the 
absence of forward  acceleration  both  the  open  and  horizontal  flow  channels 
would  have  the  capability  to  maintain  pressure  equilibrium  across  the  liquid- 
vapor  interface of a completely  filled  wick. 

On the  basis of the  above  considerations  both  the  open  and  porous  flow 
channels  are  feasible, with little apparent  difference  between them. The 
30-mil H11 porous  flow  channel  was  selected  in  preference  to  the 9 -mil open 
flow  channel  because  flow  through  the  thicker  channel is less  sensit ive  to  di-  
mensional  tolerances,  and  the  channel  probably  can  be  fabricated  more  easily. 
Also,  the  open  channel  may  be  disrupted  more  readily  by  gaseous  diffusion. 

Final  design. - The  resulting  design  for  the  heat  pipe  cooling  structure 
is shown  in  figure 30. The  total  length  in  the  chordal  direction is 33.06  in., 
and  the  maximum  height of the  structure is 3.9 0 in.  The fir st  18.66  in. of 
chordal  length  constitutes  an  isothermal  nose  section.  The last 14.40  in. 
constitutes  the  extension  to  the  heat  rejection  length  which is needed  to  reject 
heat  added  along  the  lower  surface of the  isothermal  nose  section.  The  over- 
all thickness of the  heat  pipe  structure is 0.280  in. 

The  structure  is  basically a double-walled  shell  which  has  been  shaped 
to  conform  to  the wing profile.  The  width of the  structure  in  the  spanwise 
direction  will be determined by detailed  fabrication  considerations.  It  was 
not  determined  whether  the  heat  pipe  shell  has  sufficient  strength  and  rigidity 
to  stand  alone,  or  whether  internal  supporting  ribs  might  be  needed.  Thermal 
insulation would  be used  in  the  indicated  locations  to  minimize  thermal  inter - 
actions  between  the  heat  pipe  cooling  structure  and  the  adjacent  primary  wing 
structur.e. 

The  maximum  temperature at the  stagnation  line of the  heat  pipe  cooling 
structure is 1578 O F. This  may  be  compared  with  the  equilibrium  temperature 
of 2465" F for  an  uncooled  leading  edge.  (See  table 6.)  

An estimate of the  maximum  thermal  stress  in  the  heat  pipe  wall  at the 
stagnation  line  was  made  using  the  formula 

s = E a  A T  
W 
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A,=  65 deg 
R = 112 in. 
a = 7deg 

Tmax = 1578' F 

H11 sintered fiber  wick  filled  with  liquid sodium 

3 layers of  200-mesh screen filled  with  liquid sodium 

sodium  vapor space 

f 

7 + = F = = b  
.010" .030" ,020'' .280" 

I I k- .800" ,020'' 

Section A-A (2.5  times full scale) r Thermal  insulation 

-T 

18.66 _I_- 14.40 

Scale: 115 
Material:  Haynes 2 5  

Dimensions  are in inches 

Figure 30. Design of heat  pipe  cooling  structure  for  leading  edge. 
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where a is the  linear  expansion  coefficient  and A T is  the  temperature 
drop  through  the-heat  pipe  wall.  Using E = 20.5 x 10 6" psi, a = 8.8 x 10-6 
in./in. -" F, and A Tw = 19.8"F,  the  calculated  thermal  stress  is 3580 psi. 
This  figure is well  below  the  stress of 7000 psi  which is required  for 0.5'7'0 
creep/1000  hr at 1540" F in  Haynes 25. Thus,  plastic  deformation due to  
thermal  stress  should be quite  small. 

In  table 18, the  major  design  parameters of the  heat  pipe  cooling  struc- 
ture  are  listed  and  compared  with  experimental  data  for  sodium  heat  pipes 
of roughly  comparable  dimensions,  construction,  and  operating  temperature. 
The  comparison  generally  confirms  the  feasibility of the  heat  pipe  cooling 
structure  design  and  indicates  that  the  design  requirements  are  well  within 
the  demonstrated  heat  pipe  state -of -the -art. The las t   th ree   en t r ies   a re  
particularly  significant  in  this  regard. The design  liquid  static  head  is  about 
1/3  the  liquid  static  head  under  which  the  heat  pipe of reference 18 has  been 
operated. The design  surface  heat flux i s  1/2  to  1/5 of the  experimental 
values,  and  the  design axial heat  flux  is  about 1/9 of the  experimental  values. 

De sign  Modifications 

In  this  section,  design  modifications  necessary  to  accommodate  several 
variations  in  design  and  operation  conditions  are  considered. 

Designs  for  leading  edge  radii of 0.25  and 1 inch. - The same  design 
procedures  which  have  been  described  for a heat  pipe  cooling  structure  with 
a leading  edge  radius of 0.5 in. were  also  employed  in  developing  designs  for 
leading  edge  radii of 0.25  and 1 in.  The principal.effect of leading  edge  radius 
was  on  the  chordal  length  and  structural  weight,  both  factors  increasing  with 
the  leading  edge  radius.  There  was  also a relatively  small  effect  on  the  maxi- 
mum temperature,  which  decreases  with  an  increase  in  the  leading  edge  radius. 

The  internal  design  is  the  same  for all three  leading  edge  radii,  with  the 
following  exceptions.  For  the  0.25-inch-radius  wing,  the  0.280-inch  thicknes 
of  the  heat  pipe  structural  shell  is  too  large  to fit within  the wing profile at the 
leading  edge.  Therefore,  for  this  case  the  entire  interior of the  isothermal 
nose  section  should  be  used  as  the  vapor  space  for  the  heat  pipe  fluid.  (See 
figure 31.) For  the 1 -inch-radius  wing, a finer-pored  structure  was  used 
for  the  liquid flow channel  in  order  to  facilitate  refilling of the  channel  should 
the  liquid  column  become  disrupted.  To  offset  the  increased  friction  factor 
associated  with  the  finer  -pored  liquid flow channel, a somewhat  thicker 
flow  channel  was  used  along  with a finer  -pored  mesh  in  the  inner  wick  layer. 
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TABLE 18. - COMPARISON O F  HEAT PIPE DESIGN PARAMETERS WITH 
EXPERIMENTAL DATA (M = 8, A = 6 5  deg, R = 0.5  in. ) 

Par amete r 

~- 

Struct. material 
Working  fluid 
Temperature 
0 Ute r dimens ions 
Vapor  space 

dimensions 
Wick  type 
Capillary  layer : 

Thickne s s 
P o r e  dia. 

Liquid  flow  chan- 
nel  layer:  

Thickne s s 
Length  along axis 
Thermal  power/ 

W a l l  thickne s s 
Liquid  static 

Surface  head  flux 
Axial  heat flux 

ce 11 

he ad 

De sign 
of figure 30 

Haynes  25 
Sodium 
1540" F 
0.280  in. x 0.820 in. 

0.200  in.  x0.800  in. 
2-layer  (one  side) 
3 layers  200-mesh 

10 mils 
~ 7 0  microns 

screen  

H11 sintered  f ibers 

30 mils 
52.3  in. 

0.700  Btu/sec 
20 mils 

0.461 psi  
42.9  Btu/€t2  -sec 
4.49 Btu/in2  -sec 

T 
~~ 

Experimental  data 
___." "_ ~ ~- 

Ref.  18 

Stainless 
Sodium 
1470" Fa 
0.544  in.  dia. 

0.448  in.  dia. 
2 -layer 
8 layers  400- 

6 .5   mils  
19 microns 

mesh  screen 

Crescent-shaped 

5.9 mils (av) 
54.0  in. 

6.06 Btu/sec 
35.4 mils 

1.47  psib 
92.7  Btu/ft2-sec 
38.5  Btu/in2  -sec 

annulus 

Ref. 7 

S tainle s s 
Sodium 
1400" Fa 
0.705  in.  dia. 

0.537 in.  dia. 
2 -la ye r 
1 layer  fine - 
3.6 mils 
10 microns 

mesh   s c reen  

Grooved  wall 

29. 5 mils 
33. 5 in. 

9.30  Btu/sec 
65. 5 mils 

? 
193  Btu/ftZ-sec 
41.0  Btu/in2  -sec 

a 

b 
Temp.  on  outside  surface of condensing  section. 

Power  level  not known when  subjected  to  liquid static head. 

The  major  design  parameters  for  the  heat  pipe  cooling  structure  are 
given as a function of leading  edge  radius  in  table 19. The  following parameters  
are common  to  each  design:  Mach  number,  8;  sweep  angle,  65";  vapor 
temperature,  1540" F; heat  pipe  fluid,  sodium;  heat  pipe  material,  Haynes 25; 
angle of attack, 7 "; wedge  angle, 5. 1 ". The  cross  -section  used  in all cases  
is that of figure 26B. 
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TABLE 19. - HEAT PIPE COOLING STRUCTURE DESIGN PARAMETERS 
VERSUS LEADING EDGE RADIUS 

Parameter 
I 

Total  chordwise  length,  in. 
Chordwise  length of i so-  

thermal  nose  section,  in. 
Maximum  thickness,  in. 
Heat  pipe  length,  in. 
Heat  rejection  length,  in. 
Vapor  space  width, in. 
Vapor  space  depth,  in. 
W a l l  thickness,  in. 
Flow  channel: 

Thicknes s,  in. 
Material 

Inner  wick  layer: 
Thicknes s,  in. 
Material 

Overall  thicknes s ,  in. 
Maximum  temperature, F 
Weight/unit  surface  area, 

lb/ft2 

__ "" . . - ~- ~~ 

Leading  edge  radius,  in. 

0.25 
~~ 

25.61 

14.19 
2.78 
40.1 
25.13 
0.8 
Variable" 
0.020 

0.030 
H11 sint. 

fiber 

0.010 
200 -mesh 

screen  
0.280 
1595 

'2 48 

~~ ~ 

0.5 
~~~. " 

33.06 

18.66 
3.90 
52.3 
32.0 
0.8 
0.2 
0.020 

0.030 
HI1  sint. 

fiber 

0.010 
200 -mesh 

screen  
0.280 
1577 

2.49 
." 

1.0 

40.2 

23.6 
5.43 
64.6 
37.9 
0.8 
0.2 
0.020 

0.040 
H12 sint. 

fiber 

0.010 
400 -mesh 

screen  
0.290 
1570 

2.84 

a Occupies  entire  interior  of  isothermal  nose  section. 

Use of entire  internal  volume  for  vapor  space. - As was  pointed  out 
above, it may be nece s s a r  y to  use  the  entire  internal  volume of the  isothermal 
nose.  section  in  order  to  accommodate  the  heat  pipe  cooling  structure  in  wings 
with small leading  edge  radii.  Even  where  the  leading  edge is large  enough  to 
accommodate a shell-like  pipe  structure  over  the  entire  periphery of the 
leading  edge,  use of the  entire  internal wing  volume  may still be  preferable. 

The  weight of the  heat  pipe  cooling  structure  for  the  wing  with a leading 
edge  radius of 0. 5 in.  was  recalculated  for  the  design of figure 31. The  fol- 
lowing  changes  resulted  from  modification of the  shell-type  design of figure 3 0 .  

1. The  inner  skin  was  eliminated  in  the  isothermal  nose  section. 

82 



Liquid flow channel 

Inner  wick  layer 

, I  

Isothermal  nose  section 
Extension of heat 
rejection  surface -i 

Not to scale 

Figure 31. Cross-section of heat  pipe  cooling  structure  for  which  vapor 
space  occupies  entire  internal  volume. 

2. The  supporting  ribs  were  extended  over  the  full  wing  depth  in  the 
isothermal  nose  section. 

3. A 0.020-inch-thick  closure  plate  was  added to  the  rear  of the  iso- 
thermal  nose  section. 

The  weight of the  design  configuration of figure 31 was  calculated  to  be 
2.39  lb/ft 2 , compared  with 2.49  lb/ft2  for  the  shell  design of figure 30. Thus, 
a weight  saving of about 4 per  cent results from  permitting  the  heat  pipe  vapor 
to  fully  occupy the internal  volume of the isothermal  nose  section. 
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The  heat  transport  capacity of the  modified  design of figure  31 is 
comparable   to   or   larger   than that of  the  shell-type  heat  pipe  structure.  The 
vapor  pressure  drop  will  be much  smaller  in  the  isothermal  nose  section 
because of the  smaller  mean flow velocity  and  smaller mean flow  length,  but 
the  vapor  pressure  drop is already  quite small i.n the  shell-type  design. The 
liquid  pressure  drop is unchanged,  but  could  be  reduced  by  lining  the  ribs  with 
wicking material  to  reduce  the  mean  velocity  and  mean  flow  length of the  liq- 
uid  condensate  while  returning  to  the  leading  edge  and  lower  surface of the 
isothermal  nose  section.  The  additional  wicking  material would  add  weight 
and  fabricational  complexity,  however. 

Separate  extension of heat  pipe  cooling  structure. - In  the  designs  which 
have  been  considered  thus  far,  the  extension of the  heat  pipe  cooling  structure, 
which is  needed  to  reject  heat  absorbed  along  the  lower  surface of the  isothermal 
nose  section,  is  integral  with  the  main  structure.  Another  possibility  is to fab- 
ricate  the  isothermal  nose  section  and  the  extension  separately  and  then  to  braze 
overlapped  portions of the two sections  together.  In  addition to possible  simpli- 
fication of the  fabrication  process,  the  use of two separate  overlapping  heat 
pipe  structures  reduces  the  liquid  static  pressure  drop,  which  in  some  cases 
may  permit  the  use of a coarser-pored  wick  structure. 

A schematic of a heat  pipe  cooling  structure  with a separate  overlapping 
extension  is  shown  in  figure 32. While  the  main  part of the  structure  utilizes 
a partially  wicked  interior of the  type  shown  in  figure  26B,  the  extension  em- 
ploys a fu l ly  wicked  interior of the  type  shown  in  figure 26C. A ful ly  wicked 
structure is  necessary  for  the  extension  because  heat  is  added  along  the  in- 
terior  surface of the  extension  which  lies  along  the  overlap,  and  is  rejected 
along  the  exterior  surface. 

The overlapped  structure of figure 32 will be heavier  than  the  continuous 
structure of figure 30 for  the  following  reasons: 

1. 

2. 

3.  

The weight of the  overlapped  portion of the  extension  represents a 
direct  weight  increment. 

The temperature of the  overlapped  extension  will  be  lower  because 
of the  added  thermal  resistance of the  wick  structures  in  the  over- 
lapped  section,  requiring  increased  length  (and  hence  weight)  of  the 
extension  to  dissipate  heat  by  radiation. 

The ful ly  wicked  structure  used  in  the  overlapped  extension of 
figure 32 is  heavier  than  the  partially  wicked  structure  which  is 
used  in  the  extension of the  continuous  heat  pipe  cooling  structure 
of figure 30. 
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Figure 32. Heat  pipe  cooling  structure  with  overlapped  extension. 
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A weight  optimization  study of an  overlapped  heat  pipe  cooling  structure 
was  carried out  using  the  basic  characteristics of the  design  shown  in  fig- 
ure 30. The  separate  extension  was  assumed  to  have a wick structure  identi- 
cal   to  that  of figure 30, but  which  covers  the  entire  interior  surface  in  the 
manner of figure 26C. 

The  geometry  for  the  overlapped  heat  pipe  cooling  structure  is  shown  in 
figure 32. The  heat  to be rejected  from  the  extension  length  Le is equal  to 
the  heat  absorbed  over  the  distance L e  of the  lower  surface  plus the frac- 
tion  LJLC of the  heat  which  is  absorbed  over  the  distance s of the  lead- 
ing  edge.  The  remainder of the  heat  absorbed by the  leading  edge  is  rejected 
over  the  distance  LC - Lt.  The  heat  rejection  temperature  over  the  distance 
LC - Lt  is  approximately  equal  to  the  heat  pipe  vapor  temperature Tv in 
the  isothermal  nose  section.  The  heat  rejection  temperature  over  the  exten- 
sion  length  Le  is  equal  to  Tv - A T ,   where  A T is  the  temperature  drop 
between  the  heat  pipe  vapor  in  the  isothermal  nose  section  and  in  the  extension. 
The  temperature  drop  AT  can be expressed  as 

The  bracketed  term  in  equation (27)  represents  the  heat  flux  over  the 
overlapped  length Lt. 

The  extension  length Le can be obtained  from  equation (9) .  'This 
equation,  in  terms of the  heat  load  and  temperature of the  separate  extension, 
takes  the  form 

The  extension  length  Le  was  calculated  as a function of the  overlapped 
length  Lt  from  equations (27)  and  (28)  for a leading  edge  radius of 0 .5  in., 
using  the cross  -section of figure 26B for  the  nose  section  and  the  cross  -section 
of figure 26C for  the  extension. The  input parameters ,   l i s ted below, are   the 
same  as  were  used  in  arriving  at  the  continuous  heat  pipe  structural  design of 
figure 30. 
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(Q/B), = 0.386  Btu/in. -sec 
(Q/B), = 0.468  Btu/in.  -sec 
LC = 17.55  in. 
tP = 0.010  in. 
t a = 0.030 in. 
tw = 0.020 in. 
kC = 29.2 Btu/hr-ft-"F 
k, = 13.0  Btu/hr-ft-"F 
TV = 2000"R 
Taw = 4470" R 
h l  = 9.56 X Btu/ft2-sec-"R 

The results of the  calculations  are  shown  in  figure 33. It can  be  seen 
that the minimum  extension length of 20.6 in. occurs  for  an  overlap  length of 
2.  5 in.  Since  the  extension  length  for  the  continuous  heat  pipe  cooling  struc- 
ture  is 14.48  in.,  the u s e  of an  overlap  results  in  an  increase  in  the  extension 
length of at leas t  6.12  in., o r  42.3  percent.  The  temperature  drop A T 
at the optimum  overlap  length of 2. 5 in. is 45.4" F. 
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Figure 33. Extension  length  of  heat  pipe  cooling  structure  vs.  overlap  length. 
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The  total  weight of the  structure  was  obtained  using  the  weight  data of 
table 17 for  the  rectangular  sections of figures 26B  and 26C with 30 mil, H11 
porous  liquid flow channels.  The  data of table 17 were  calculated  for a total 
heat  pipe  length of 52.3  in.  The  weight of the  overlapped  heat  pipe  cooling 
structure  per unit  span  length  was found from  the  formula 

= ( 52.3 c)(%)B ' & (%) A 

Lm + s + L  

C 

where  (W/A)B  is  the  weight  per unit surface  area of the  52.3-inch-long 
continuous  heat  pipe  structure  using  the  rectangular  section of figure 26B, and 
(W/A)C is  the  weight  per  unit  surface  area of the  52.3  -inch-long  structure 
using  the  rectangular  section of figure 26C. 

Using  the  following  data, 

Lp + s + L = 37.5  in. 

Le = 20.6 in. C 

(W/A)B = 2.49  lb/ft2 

(W/A)C = 3.29  lb/ft2 

the  total  weight  per  unit  span  length  is found to be  3.08  lb/ft2. The overlapped 
structure  is  at leas t  23.9  percent  heavier  than  the  continuous  structure  of 
figure 30. The  continuous  structure  is  therefore  the  preferred  design  as 
long as  the  greater  unbroken  heat  pipe  length  does  not  result  in  fabrication 
difficulties  or  an  excessive  static  liquid  pressure  drop. 

Effect of angle of attack on  design. - The  design of the  heat  pipe  cooling 
structure  was  carried out for  the  conditions  of  Case B in  table 14, since  this 
resulted  in  the  largest  static  liquid  pressure  drop.  The  angle of attack  for 
Case B was  7",  the  vertical  acceleration  was 1 g,  and  the  horizontal  accelera- 
tion  was 0. 5  g.  In  this  section  the  design  which  evolved  from  Case B will  be 
checked  for  adequacy of performance when subjected  to  the  conditions of 
Cases D and E in  table 14. 

The  angle of attack  strongly  influences  aerodynamic  heating on  the  flat 
surfaces of the  heat  pipe  cooling  structure  and,  to a lesser  extent,  influences 
the  static  liquid  pressure  drop.  While  the  angle of attack  also  affects  the 
aerodynamic  heating  distribution  over  the  rounded  leading  edge of the  heat 
pipe  cooling  structure,  the  total  heat  input  over  the  leading  edge  is  relatively 
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insensitive  to  the  angle of attack. In the  analysis  to  be  considered  here,  only 
the  effect of angle of attack  on  the  aerodynamic  heating  rates  for  the  flat wing 
surfaces  is  considered  in  detail. 

The  heat  transfer  coefficients  for  the  upper  and  lower  flat  surfaces of 
the  heat  pipe  cooling  structure  are  given in table 20 as a function of the  angle 
of attack.  The  heat  transfer  coefficients  were  calculated  according  to  the 
methods of Appendix A. From  table  20, it is  evident  that  the  heating  rate 
on  the  upper flat surface  decreases  with  an  increase  in  the  angle of attack, 
while  the  reverse  is  true  for  the  heating  rate  on  the  lower  flat  surface. 

TABLE 20. - HEAT  TRANSFER COEFFICIENTS FOR FLAT WING SURFACES 
VERSUS ANGLE O F  ATTACK 

. ~ .  ." . __ ~~~- 

Angle of 
Heat  transfer  coefficient,  Btu/ft2  -sec -OR 

attack, de g I Upper  surface 

0.00216 
0.0009 56 
0.000286 

1 Lower  surface 

0.00131 
0.00375 
0.00905 

The  heat  pipe  vapor  temperature T (approximately  equal  to  the 
temperature of the  flat wing surfaces)  for  angles of attack  other  than  the 
design  value of 7 can be  found  by equating  the  sum of the  heat  load  which  is 
incident'on  the  rounded  leading  edge  and  the  flat  surfaces  to  the  thermal  radia- 
tion  rate  from  the  flat  surfaces.  For  the  design of figure 30, the  equality  can 
be  expressed  as 

V 

17*48 + h (4470 - Tv) 144 0.468 + hg  (4470 - Tv) 144 32.0 (lz;$ 49.48 = 0.380 - - 
U 144 
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For  an  angle  of attack of 0 "  (corresponding  to  Case D of table  14) 
equation  (30)  yields a value of  1540 F for Tv,  which is coincidentally  the 
same as the  heat  pipe  vapor  temperature  for the design  angle of attack of 7 " .  
Moreover, on the  lower  surface  the  radiation  heat flux exceeds  the  heat f l u x  
due  to  aerodynamic  heating, so that the lower  surface now represents  an 
additional heat dissipation  surface  instead of contributing  to the heat  pipe  heat 
load.  The heat pipe  heat  load is then  only that due  to  aerodynamic  heating of 
the  rounded  leading  edge,  and  hence  has  dropped  from  the  design  value of 
0.854  Btu/in.  -sec  to  0.468  Btu/in-sec.  Moreover,  for  Case D the  static 
liquid  pressure  drop  has  dropped  from  0.461  psi  to  0.039  psi at the  evaporator - 
condenser  interface  and  from 0.1432 psi  to 0.0527 psi  over  the  entire  heat 
pipe  length. 

Since  both  the  heat  pipe  heat  load  and  the  static  liquid  pressure  drop  are 
well  below  the  design  values  (which  are  based  on  Case  B),  the  heat  pipe  design 
of figure 30 should  operate  under  the  conditions of Case D with  little  change  in 
temperature  and  with a greater  margin  between  the  actual  heat  load  and  heat 
transport  capacity. 

For  an  angle of attack of 14"  (corresponding  to  Case E of table  14), 
equation (30)  yields a value of 1750" F for Tv,  which is 210" F higher  than 
the  design  temperature of 1540" F. The  higher  temperature  is  due  to  more 
intense  aerodynamic  heating of the  lower  surface of the  isothermal  nose  sec- 
tion. As a result,  the  heat  pipe  heat  load  increases  -rrom  the  design  value of 
0.854  Btu/in-sec  to  1.85  Btu/in-sec.  The  calculated  temperature of 1750" F 
is  an  equilibrium  value,  to  be  approached  only  after  the  Case E operating 
conditions  have  persisted  for some time. A transient  analysis  to  determine 
the  heat  pipe  temperature as a function of t ime  after a change of operating 
conditions  from  Case B to  Case E was  beyond  the  scope of this  study.  It  is 
possible  that the increased  temperature  encountered  for  Case E would  be 
acceptable i f  the  time  spent  under  the  conditions of Case E represented a 
small fraction of the  total  flight  time. 

The  heat  pipe  temperature  for  Case E can  be  reduced  through  adoption 
of one or   more  of the  following  design  alternatives. 

1. Reduction of the  angle of attack  below  14 O .  

2. An increase  in  the  length of the heat  pipe  extension  to  make  available 
more  heat  rejection  surface.  

3. A reduction  in  the  length of the  lower  surface of the  isothermal  nose 
section  to  reduce  the  heat  pipe  heat  load. 
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As an  example,  the  operating  temperature  could  be  reduced  to 1540 " F 
if the length of the lower  surface  were  reduced  from  17.48  in.  to  9.35  in., as 
may  be  established  from  equation  (30).  The  isothermal  nose  section  would 
then  have a length of about  11  in.  instead of almost 19 in.  This  reduced  length 
would  probably still be feasible  from  the  fabrication and  wing assembly  stand- 
points.  However, the heat  pipe  heat  load at 1540 " F would still be  1.53  Btu/ 
in-sec,  about 80 percent  higher  than  the  design  value. The higher  heat  load 
will  probably  result in higher  internal  pressure  drops,  despite the smaller 
static liquid  pressure  drop  which is encountered  for  Case E. A s  a result, 
some  redesign  might  be  necessary,  most  probably  consisting of an  increase 
in  the  thickness of the  liquid  flow  channel  and/or a decrease  in  the  pore  size 
of the  inner  wick  layer.  Whether  such  design  modifications  would  actually  be 
required  depends  on  the  duration of the  Case E operating  conditions  and  on 
whether  the  angle of attack  need  be as large as 14". 

Operation of Mach 8 design at Mach 10. - The  reasonable  dimensions 
and  adequate  thermal  performance of the  Mach 8 design  appear  to  represent a 
good departure  point  for  investigation of Mach 10 designs.  Therefore, it was 
decided  to  evaluate  the  adequacy of the  Mach 8 design of figure 30 at Mach 10. 
The  evaluation  was  carried  out  for the cruise  conditions  defined  by  Case B of 
table 14. The  design  equations  and  procedures  used  in the  evaluation are   the 
same  as  those  which  were  employed  in  the  design of the  Mach 8 heat pipe  cool- 
ing structure.  

Heat  pipe  vapor  temperature:  The  lengths  LC  needed  for  rejection of 
heat  absorbed by the  rounded  leading  edge  and  Le  needed  for  rejection of 
heat  absorbed by the  lower  surface of the  isothermal  nose  section  were  cal- 
culated as a function of heat  pipe  vapor  temperature  for  operation of the  heat 
pipe  cooling  structure at Mach 10. The  lengths s of the  rounded  leading 
edge and Lg of the  lower  surface  were  held  constant  and  equal  to  the s 
and  Lg of the  Mach 8 design of figure 30.  In figure 34, LC  and  the 
total  heat  rejection  length  LC t Le  are  plotted as a function of the  heat  pipe 
vapor  temperature,  along  with  the  total  heat  pipe  heat  load.  From  figure 34, 
the  temperature  for  which LC f Le is equal to 32. 0 in.,  the  total  heat 
rejection  length of the  Mach 8 design,  is found to  be  1684" F. Thus, i f  the 
Mach 8 design is placed  in a Mach 10 flow field,  the  heat  pipe  vapor  tempera- 
ture  will  increase  from  1540" F to  1684" F. Also,  from  figure 34, the  heat 
load  per  unit  span  length  is 1.300 Btu/in-sec,  compared  to 0.854 Btu/in-sec 
at Mach 8. 

Maximum  heat  pipe  temperature:  The  maximum  temperature  drop 
between  the  exterior  surface and the  heat  pipe  vapor at the  stagnation  line  was 
calculated  to  be  60.9" F. Of this  total  temperature  drop,  28.8" F occurs 
through  the  heat  pipe  wall  and  32.1 " F through  the  heat  pipe  wick.  The maxi- 
m u m  temperature of the  heat  pipe  cooling  structure is the sum of the  vapor 
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Figure 34.  Heat  rejection  lengths  and  heat  pipe  heat  load at Mach 10. 
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temperature  and  the  maximum  temperature  drop,  and is equal  to  1684 + 
60.9 = 1745" F. 

Stress  and  deflection: At  1684" F, the  vapor  pressure of sodium is 
18.7  psi,  compared  to 9.2 p s i  at 1540" F. Thus,  the  stress  environment at 
Mach 10 is more  severe,  while  the  allowable  stress is reduced  because of 
the  higher  operating  temperature.  At  the  mean  wall  temperature of 1730" F 
(at the  stagnation  line),  the  stress in Haynes  25  for  0.5%  creep/1000 h r  was 
estimated  to  be 2500 psi. 

The  maximum  bending  stress  in  the  heat  pipe  outer  wall  was  calculated 
to be  14 900 psi, a clearly  excessive  figure.  Therefore,  modification of the 
rib  spacing  and/or  wall  thickness  was  necessary  to  reduce  the  bending  stress. 
A reduction  in  the  rib  spacing  (vapor  space  width)  from  0.8  in.  to 0.3 in. 
lowered  the  bending  stress  to 2100 psi,  which  was  considered  to be a reason-  
able  design  value.  The maximum wall  deflection  is  then  only 0.037 mil, also 
an  acceptable  figure,  and  the  tensile  stress  in  the  ribs is only  282  psi.  Thus, 
the  first  design  modification  required  in  the  Mach 8 design  for  use  at  Mach 10 
was a reduction  in  the  vapor  space  width to  0.3  in. 

The  thermal  stress in the  stagnation  line  region  was  estimated  to be 
4200 psi. Although  the thermal  stress  is   higher  than  the  creep  stress,   the 
thermal  stress  calculation  is  believed  to be conservative.  More  detailed  ex- 
amination of the  thermal  stress  problem  was beyond  the  scope of the  present 
study. 

Heat  transport  limits: The ability of the  Mach 8 design  to  carry  the 
increased  heat  load at Mach 10 was  determined by consideration of the  heat 
t ransport  limits. 

Application of the  capillary  pumping limit equation  resulted  in a 
minimum  diameter of curvature of 68.8 microns at the  liquid-vapor  interface. 
Since  this  figure  is  lower  than  the  minimum  pore  diameter of about 70 microns 
in  the ZOO-mesh screen of the  inner  wick  layer,  operation  at  Mach 10 will r e -  
quire a finer-pored  mesh.  Several   layers of 400-mesh  screen,  for  which  the 
spacing  between  wires  is  about 40 microns,  will be  a satisfactory  replacement 
for  the  200-mesh  screen. 

The  vapor  pressure  drop  was found to  be  negligible,  which  indicates  that 
the  heat  pipe  cooling  structure is quite  isothermal  over  its  length.  From  the 
entrainment limit equation, it was found that  entrainment would not  occur if 
the  pore  diameter  at  the  liquid-vapor  interface  were  smaller  than 717 microns. 
Since  the  pore  diameter of the  400-mesh  screen  is  about 40 microns,  entrain- 
ment  will  not  be a problem at Mach 10. 
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F r o m  the boiling limit equation, it was  established  that  boiling  will  not 
occur  in the heat pipe  cooling  structure i f  the  minimum  diameter of curvature 
exceeds 2.2 microns.  This  calculation  was  based  on  the  assumption  that  the 
radius of nucleation  sites is 1 micron.  Since the boiling limit decreases at a 
rather  significant  rate  with  temperature, a second,  more  conservative  cal- 
culation  was  made  using a nucleation site radius of 7 microns.  This  value  was 
estimated  to  be  an  upper limit on  the  nucleation site radius,  based  on  actual 
heat  transfer  data  for a sodium  heat  pipe. The resulting  minimum  diameter 
of curvature  for no boiling  with  nucleation site radii of 7 microns  was 41.9 
microns.  Since  even  this  conservatively  calculated  value is well  below  the 
actual  minimum  diameter of curvature  of  68.8  microns, it may be  concluded 
that  heat  pipe  operation at Mach 1 0  will  not be disrupted  by  boiling. 

.L 

Weight:  The  closer  rib  spacing  which  was found necessary  to  avoid 
excessive  bending  stress  in  the  heat  pipe  wall  will  result  in a heavier  heat 
pipe  cooling  structure.  The  calculated  weight  per  unit  surface  area of the 
Mach 8 design  with a rib  spacing of 0.3 in.  was 2.92 lb/ft2,  an  increase of 
17 percent  over  the  weight of the  unmodified  Mach 8 design  with a rib  spacing 
of 0.8  in. 

Conclusions:  The  Mach 8 heat  pipe  cooling  structure  design of figure 30, 
whose  maximum  temperature  is 1578 " F, will  attain a maximum  temperature 
of 1745" F when  operated at Mach 10. The  following design  modifications  are 
required  for  Mach 1 0  operation. 

1 .  The  spacing  between  ribs m u s t  be reduced  from 0.8 in. to  0.3 in. 
to  avoid  excessive  bending s t r e s s  in the  wall of the  heat  pipe  struc- 
ture.  As a result,  the  structural  weight  increases by 17 per  cent. 

2. The  200-mesh  screen in the  inner  wick  layer  must be replaced  with 
400-mesh  screen  to  avoid  breakdown of the  liquid-vapor  interface. 

Further  examination of the  thermal  stress  level  in  the  stagnation  region is 
required  before  the  suitability of the  Mach 8 design  for  operation at Mach 1 0  
can  be  established. 

TRANSIENT BEHAVIOR O F  HEAT PIPE COOLING STRUCTURE 

In this  section  the  transient  behavior of the  heat  pipe  cooling  structure 
is examined  while a hypersonic  aircraft  climbs  to  cruise  speed  and  altitude. 

.II " 

-,. Unpublished  calculation by author. 
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The  purpose of the  investigation  was  to  determine  the  adequacy of the  steady- 
state  design  under  the  transient  conditions  encountered  during  the  climb  phase 
of  flight. First, the  temperature  history of the  heat  pipe  cooling  structure  was 
calculated.  Then  the  actual  heat  loads  were  compared  with  heat  transport 
l i h t s  throughout  the  transient  period.  The  effect of the  expansion of liquid 
sodium  during  startup  was  also  considered.  The  transient  analysis  was  per- 
formed  for  the  heat  pipe  cooling  structure  design of figure 30. 

Input  Data 

The  initial  step  in  the  analysis w a s  to  determine  the  stagnation  line  heat 
flux a s  a function of time.  The  following  climb  schedule  was  specified. 

1. The  climb  transient  starts at Mach 2 and 40 000 f t .  

2. The aircraft  climbs  with a forward  acceleration of 16. 1 ft/sec2 
( 0 . 5  g),  and  is  subjected  to a dynamic  pressure of 2000 psf,  until 
Mach 8 is  reached. 

3 .  The  aircraft  then  continues  to  climb  at a constant  Mach  number of 
8 to  cruising  altitude, at which  the  dynamic  pressure  is 800 psf. 
The climb  rate  is  equal  to  that when  Mach 8 is   f irst   reached. 

The  elapsed  time at a given  Mach  nurnber  during  the  horizontal  accelera- 
tion  period  was  obtained  by  dividing  the  velocity  increment by the  acceleration. 
After  Mach 8 is  reached,  the  time  is a linear  function of altitude  (as  determined 
by the  constant  climb  rate).  The  data  used  in  determining  the  transient  input 
data  are  given  in  table 21. 

The  heat  flux q( 0, 0, 1, To) in  table 21 is  the  stagnation  line  heat  flux 
at the  reference  wall  temperature To for a sweep  angle of 0 "  and a leading 
edge  radius of 1 in.  The  stagnation  line  heat  flux  for a sweep  angle of 65" and 
a leading  edge  radius of 0.5 in. (the  design  conditions of figure 30) is 0 . 6  t imes 
q(0,  0, 1, To),   as  may be established  from  equation (1) with Tw = To. 

In  figure  35  the  altitude,  Mach  number,  and  stagnation  line  heat flux 
corresponding  to  the  specified  climb  schedule  and  the  data of table 21 a r e  
shown as a function of time.  At  Mach 2 and 40 000 f t  ( the  start  of the  transient), 
the  heat flux i s  0.005 Btu/in2-sec.  The  cruise  Mach  number of 8 is  reached 
368 seconds  later at an  altitude of 86 000 f t ,  when  the  heat flux peaks at 
0,545  Btu/in2-sec.  The  aircraft  then  climbs at the  rate of 66.5 ft/sec  while 
the  Mach  number  remains  constant, and reaches  the  cruising  altitude of 
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TABLE 21. - INPUT DATA FOR TRANSIENT  CALCULATIONS (refs. 5, 6) 

Mach 
Dynamic 
pressure ,  Velocity, Altitude, 

no. ft/se c f t  
PSf 

I I 

I I I 
< 2000 

2000 
2000 
2000 
1400 
800 

1936 
29  04 
5840 
78 52 
7894 
7960 

40 000 
44 500 
73 510 
85 800 
93 640 

105  825 
I I I 

Adiabatic  Ref.  wall 

temp., O R  To, O F 
wall  temp. , 

696 
1062 
2940 
4560 
4600 
4620 

80 
80 

1540 
1540 
1540 
1540 

0.00750 
0.0365 
0.264 
0.911 
0.702 
0.500 

105 000 f t  after 650 seconds.  At  this  point the heat flux has  dropped  to  the 
steady-state  design  value of 0.298  Btu/inZ-sec. 

Transient  Analysis 

A simplified  model  for  calculating  the  temperature  history of the heat 
pipe  cooling  structure  was  devised.  The  model is in  general  accord  with  ex- 
perimental  observations of transient  heat  pipe  behavior. 

Experimental  observations. - It has  been  observed  that  when  heat is 
added at the  design  rate  to a liquid  metal  heat  pipe  which is at room  tempera-  
ture,   the  temperature of the  heated  zone  increases  rapidly  and  approaches  the 
steady-state  value.  At  the  same  time a well-defined  front  between  the  heated 
and  unheated  zones  moves  into  the  unheated  zone at a slower  rate. When the 
front  eventually  reaches  the  end of the  heat pipe., the  entire  heat  pipe is at 
relatively  uniform  temperature.  The  temperature  then  continues  to  rise  until 
the  steady-state  value is reached. 

Cotter  (ref.  19)  has  attributed  the  observed  transient  behavior  to  the 
fact  that the  vapor  pressure of the  heat  pipe  fluid is initially s o  low that 
molecular  flow  conditions  prevail.  Until  the  vapor  pressure of the  heated  zone 
reaches a level  where  continuumflow  can  exist,  heat  transfer  from  the  heated 
zone  to  the  adjacent  unheated  zone  proceeds  quite  slowly  via axial conduction 
through  the  heat  pipe  wall  and  wick. 

Once  continuum  flow  has  been  established  in  the  hot  zone,  heat  transfer 
occurs via the  highly  efficient  process of evaporation  and  condensation. Hot 
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Figure 35. Altitude,  Mach  number,  and  stagnation  heat flux vs.  time  to 
cruise  conditions. 

vapor  from  the  heated  zone  then  flows  into  the  unheated  zone at a  rate which 
is  limited  by  the  sonic  velocity of the  vapor.  Condensation  occurs so rapidly 
at the  interface  between  the  hot  and  cold  zones  that  there is little  vapor 
penetration  into  the  cold  zone. As a result ,  a relatively  well-defined  front 
divides  the two zones.  Once  the  front  has  reached  the  end of the  unheated  zone 
of the  heat  pipe,  continuum  flow  exists  over  the  entire  heat  pipe  length. The 
entire  heat  pipe  is  then  at  relatively  uniform  temperature,  which  continues  to 
r i s e  until the  steady  state  is  reached. 
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Description of transient  model. - The  model  which  was  used as the  basis 
for  the  transient  calculations  is  shown  in  figure 3 6 .  Overall  dimensions  are 
the  same  as  those of figure 30. The  span  distance of 0.820 in.  is  equal  to  the 
rib-to-rib  centerline  spacing.  The x1 coordinate  represents  the  location 
of the  continuum  wave  front  in  the  upper leg  of the  heat  pipe  cooling  structure; 
the x2 coordinate  represents  the  location of the  continuum  wave  front  in  the 
lower  leg.  The  wave  fronts  are  assumed  to  separate a constant  temperature 
continuum  region  (behind  the wave fronts)  from  constant  temperature  molecular 
flow  regions  (preceding  the  wave  fronts).  Heat  transfer  is  assumed to occur 
only  through  the  outer  surface of the  heat  pipe  cooling  structure.  All  other 
surfaces  are  assumed  to be perfectly  insulated.  Temperature  gradients  normal 
to  the  outer  surface  are  assumed  to be negligible. 

Volumetric  heat  capacity: The volumetric  heat  capacity C per unit of 
heat  pipe  length  is  defined  as 

C = w  c  A t w  c  A 
w w w  I d !  

where C i s  in Btu/in-OF,  the subscript  w refers  to  the  Haynes 25 wall 
and  wick,  the  subscript 1 refers  to  the  sodium  heat  pipe  liquid, w is  the 

[-I Free molecular region R = 0.5 in. 

Continuum region .. .. 
A = 65 deg 

0" F 

Figure 3 6 .  Model  for  analysis of transient  temperature of heat  pipe 
cooling  structure. 



specific  weight  in  lb/in3, c is  the  specific  heat  in Btu/lb-OF,  and A i s  
the  cross-sectional  area  in  inches. It can  be  shown  that  the  mean  cross - 
sectional  area  in  the  elliptical  nose  section  is  about 35 per  cent  larger  than  in 
the  remainder of the  heat  pipe  cooling  structure.  Therefore,  for  the  nose 
s e ction, 

c = 1 . 3 5 c  n 

The  volumetric  heat  capacity  was  evaluated using  the  data of tables 9,  
15,  19,  and  the  liquid  metal  property  data  from  Appendix C. Material   proper- 
t ies at a temperature of about  800" F were  used.  The  calculated  values  were: 

C = 0.001616 Btu/in-"F 
C = 0.00218 Btu/in-"F n 

Since  sodium  is a solid  below its melting  point of 208 " F, the  volumetric 
heat  capacity C below  the  melting  point and the  effect of melting  must be 
considered. At a mean  temperature of about  120" F, C was  calculated  to 
be  0.001701  Btu/in-OF,  which i s  about 5 per  cent  larger  than  the  mean  value 
used  for  liquid  sodium.  It  was  also  determined  that  the  heat  required  to  melt 
the  sodium  per  unit  heat  pipe  length  is 0.0452 Btu/in.  This  quantity of heat 
is  equal  to  the  heat  required  to  increase  the  temperature of the  cold  heat  pipe 
by  0.0452/0.001701 = 26.6" F. 

Thus,  the  heat  required  to  melt  the  sodium  is only  a small  fraction of 
the  total  involved  during  the  climb  transient,  when  the  heat  pipe  temperature 
must be increased by  about  1500" F. In the  simplified  transient  analysis 
employed  here,  the  melting of sodium  was  neglected  and  the  calculated  values 
of C and Cn for  liquid  sodium  were  used  over  the  entire  temperature 
range  under  consideration. 

Heat  transfer  rates: In the  process of carrying  out  the  transient  calcula- 
tion, it is  necessary  to  utilize  net  heat  transfer  rates to or  from  the  leading 
edge,  the  lower  leg,  and  the  upper  leg of the  heat  pipe  cooling  structure. 
These  heat  transfer  rates  are  equal  to  the  integral  of the  difference  between 
the  aerodynamic  heating  heat flux and  the  radiation  heat flux over  the  surface 
of the  section  under  consideration. 

For  the  leading  edge  and  the  lower  leg of the  heat  pipe  cooling  structure, 
the  aerodynamic  heating  rate  exceeds  the  radiation  rate,  and  there  is a net 
heat  input  rate  to  the  structure.  The  net  heat  input  rate  at  the  leading  edge  was 
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approximated by multiplying  the  aerodynamic  heating rate Qp at a given 
time  by  the  ratio of the  steady  state  net-to-aerodynamic  heating  rates.  This 
ratio is equal  to 0.760.  The  net  heat  input  rate at the  nose  is  then  given by 

Qin 

= 0.760 Q 
P (33) 

The  heating  rate Qp was  calculated  from  equations  (1)  and  (5),  using 
the  heat flux data of table 21 . In  equation  (5)  the  second  (radiation)  term  in 
the  brackets  was  neglected, 8’ in  the  integral  was  given  the  value ~ r / 2  
radians,  and  the  span  width B was  given  the  value of 0.82  in.  In  equations 
(1)  and  (5), Tw was  taken  to be equal  to  the  reference  temperature To. 

Qi, = 0.825 Qin (34) 

The  heating  rate  per  unit  length of the  lower  leg  was  assumed  to be equal 
to  Qil/Le 2nd independent of the  distance x2 from  the  leading  edge. 
The  length of the  lower  leg  Lt  is  equal  to  17.48  in. 

On the  upper  leg of the  heat  pipe  cooling  structure,  the  radiation  rate 
exceeds  the  aerodynamic  heating  rate. The net  heat  rejection  rate  Qru (xl)  
over  the  length  x1 of the  upper  leg  was  approximated  by  multiplying  the 
radiation  rate  Bxl qr  by the  ratio of the  steady  state  net  heat  rejection  rate 
to  the  steady  state  radiation  rate.  This  ratio  is  equal  to 0.632.  Thus, 

4 

Qru  = 0.632  Bx 1 r  q = 0.00137(&) x 1 (35) 

In  equation  (35), B is  the  rib-to-rib  spacing  (0.82  in.), x1 is  in  inches, 
T is  in O R ,  and Q r u  ( X I )  is  in  Btu/sec.  Heat  transfer  is  assumed  to be 
negligible  over  the  distance  Lu - XI, where  Lu  is  the  length of the  upper 
leg.  The  value of Lu is 32.0  in. 
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The transient  calculation a l s o  requires  the  use of the  sonic  heat  trans- 
port  limit Qs . The  sonic  heat  transport limit for  sodium  is  given  as a 
function of temperature  in  table 22. The  sonic  heat  transport limit was ob- 
tained by multiplying  the  axial  sonic  heat flux by  the  vapor  space  cross  -sectional 
a r e a  of 0.160  in2.  The axial sonic  heat  fluxes at 1300" F and  above  in  table 22 
were  obtained  from  reference 2; the  remaining  axial  sonic  heat  fluxes  were  ob- 
tained  from  reference  18. 

TABLE 22. - SONIC I1EAT TRANSPORT LIMIT FOR.SODIUM VERSUS 
TEMPERATURE 

Temperature, 
"F 

9 32 
1022 
1112 
1202 
1300 
1500 
1700 
1900 
2100 

Sonic  heat  transport 
rate,  Btu/sec 

0.122 
0.489 
1.22 
2.58 
4.24 

14.88 
42.4 
85.0 

166.7 

Transient  equations. - The climb  transient  involves  four  distinct  phases. 
The transient  equations  for  each  phase  are  presented below. 

Phase 1: During  phase  1,  the  heat  pipe  vapor  is  in  the  free  molecule 
regime  throughout  the  vapor  space,  and  the  transfer of heat  along  the  length 
of the  heat  pipe  cooling  structure  is  assumed  to  be  negligible.  The  tempera- 
tu res  of the  leading  edge  and  the  lower  leg  increase  at  different  rates due to 
aerodynamic  heating. The temperature of the  upper  leg  is  assumed to remain 
constant at the  initial  temperature of 0"  F. Phase 1 continues  until  the  tem- 
perature of the  leading  edge  has  reached  the  value  Tc  at  which  continuum 
flow is assured. 

Although there is no sharp  line of demarcation  between  the  free  molecular 
and  continuum  flow  regimes,  continuum  flow  is  generally  considered  to be 
established  when  the  mean  free  path h is  substantially  less  than  the  minimum 
dimension of the flow container.  For  purposes of this  analysis,  the  temperature 
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Tc at which  continuum  flow is assured  was  assumed  to  be that at which 
A = 0.01 Hv, where Hv is the  minimum  vapor  space  dimension of 0.2  in. 
Phase  1 is assumed  to  be  completed  when the temperature of the  leading  edge 
reaches  Tc. 

From  kinetic  theory,  the  product w,.h is independent of gas  pressure.  
Fo r  the saturated heat pipe  vapor, wvh is also  independent of the  saturation 
temperature T,. The  product wvh may  be  evaluated  from  the  equation 
(ref. 20) 

V 

where M is the  molecular  weight  (23  for  sodium  vapor), R is the  universal 
gas  constant, g is   the  acceleration of gravity, T, is  the  absolute  satura- 
t iontemperature,  p v  is  the  vapor  viscosity, wv is  the  vapor  specific  weight 
an.d h is  the  mean  free  path.  Equation  (36)  was  evaluated at T, = 2000" R, 
for  which P, = 1.50 x 10-5  lb/ft-sec.  The  resulting  value  for  wvh  was 
9.05 x 10-9  lb/ft2.  Then,  letting h = 0.01 H, = 1.67 x f t ,  wv = 5.41 
x 10-5  lb/ft3. F r o m  a graph of sodium  vapor  density  versus  temperature, 
T, = 870" F. Thus,  continuum flow is  assured  when T, 2 870" F. For   cal-  
culational  purposes,  phase l was  assumed  to  continue  until  the  leading  edge 
was  equal  to 9 0 0 "  F. 

The  phase 1 equations  for  calculating  the  temperature T  of ths  leading 
edge  and TE of the  lower  leg  are: 

+ 

L 

In the  above  equations,  the  nose  section  peripheral  length s of the  leading 
edge is 2.75  in.,  and  the  length Lp of the lower  leg is 17.48  in.  The tem- 
peratures  T and Tp are   in  O F .  

Phase  2: During  phase 2, a continuum  front  moves  into  the  upper  and 
lower  legs  from  the  leading  edge. At time t, the  front is located at x1 
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in  the  upper  leg  and at x2 in the  lower  leg. The temperature behind  the 
continuum  front  is  T.  Ahead of the front,  the  temperature is 0 ° F  in  the 
upper  leg  and TI in  the  lower  leg.  Phase 2 continues  until  the  continuum 
front  in  the  lower  leg  has  traveled  the  distance Lp . 

The  transient  equations  for  phase 2 were  derived  from  separate  energy 
balances  for  the  evaporator  region  and  for  the  condensing  regions  in  the  upper 
and  lower  legs. An additional  energy  balance  is  made  for  the  free  molecular 
region of the  lower  leg. 

The  evaporator  region  includes  the  nose  section  plus  the  region of the 
lower  leg  behind  the  continuum  front.  The  appropriate  energy  balance  is 

o r  

+ x2 (ai, /L1) - 2 Qs] 

Ti+ 1 = Ti + c s + c x , .  A t  (39)  

Equation (39) gives  the  temperature of the  continuum  region  as a function of 
time. The subscript i denotes  conditions at time t, and  the  subscript 
i + 1 denotes  conditions  at  time t t At. 

The  condenser  region  in  the  upper  leg  includes  the  length x1 plus  the 
differential  length  at  the  continuum  front  over which  the temperature  is   raised 
f rom 0" F to T. The energy  balance  is 

o r  

[Qs - x1 (Qr/Lu)] (Ti + 1 - Ti) 
X 1 , i  + 1 1, i 

= x  + C T  A t  - T 1, i X 

i i 
(40) 
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Equation (40) gives  the  position of the  continuum  front  in  the  upper  leg  as a 
function of time. 

The  energy  balance  for  the  free  molecular  region of the  lower  leg is 

or  

Equation  (41)  gives 
leg  as a function of 

the  temperature of the  free  molecular  region  in  the  lower 
time. 

The  condenser  region  in  the  lower  leg is confined to  a differential  length 
at  the  continuum  front,  over  which  the  temperature  is  raised f rom to 
T. The energy  balance  is 

o r  

Q 
X 

s ,  i = x  + 
2 , i +  1 2 , i  C (Ti - 

Equation  (42)  gives 
function of time. 

the  position of the  continuum  front  in  the  lower  leg  as a 

Phase 3: In  phase 3, there  is  no longer a continuum  front  in  the  lower 
leg.  The  lower  leg  and  the  nose  section now act   as  a single  heat  source,  from 
which  the  vapor  produced  flows  into  the  upper  leg at the  sonic  heat  transport 
ra te .   Phase 3 continues  until  the  continuum  region  has  filled  the  entire  length 
of the  heat  pipe  cooling  structure  (i.e.,  until x1 = Lu). 
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For  the  nose  section  and  the  lower  leg, 

(ain + QimIi A t  = (C n s + C Lp ) (Ti + - T.) 1 + Q A t  s, i 

o r  

(ain + Qi, - as); 
Ti + 1 c S + C L P  = Ti + A t  

n 
(43) 

Equation (43) gives  the  temperature  behind  the  continuum  front  as a function of 
time. 

For  the  portion of the  upper  leg  behind  the  continuum  front, 

or 

The  above  equation,  which  gives  the  position of the  continuum  front  in  the 
upper  leg as a function of time, is identical in form  to  equation (40) .  

Phase 4:  In  phase 4, the  uniform  temperature  continuum  region  extends 
over  the  entire  length of the  heat  pipe  cooling  structure,  and  there  is no longer 
any  continuum  front.  Phase 4 continues until the  temperature of the  heat  pipe 
cooling  structure  approaches  the  steady  state  value. 

The  heat  balance now takes  the  form 

(ain + Qim - Q 1. A t  = [Cn s + C (Lm + L ) (Ti ~ - T. r l  U 1 1 
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o r  

(Qin -F Qil - Q 1 

n U 

r i  
Ti + 1 1 c S + C ( L 1  + L )  = T. +- A t  

Equation (45) gives the continuum  temperature  (now  the  temperature of the 
entire  heat  pipe  cooling  structure) as a function of time. 

Results of transient  analysis. - The  results of the  transient  analysis of 
the  heat  pipe  cooling  structure  are  shown  in  figure 37. Separate  curves  are 
plotted  for  the  temperature of the  leading  edge  and  continuum  region,  the 
temperature of the  free  molecular  region  along  the  lower  leg,  and  the  position 
of the  continuum  fronts  in  the  upper  and  lower  legs. 

Phase  1 is seen  to  cover a period of 150 sec,  during  which  the  leading 
edge  temperature  r ises  to  900" F and the temperature of the  lower  leg  rises 
to 160" F. Phase  2 lasts f rom 150 to 27'5 sec.  during  which  time  the  continuum 
region  completely fills the  lower  leg  and  moves a distance of 6.8  in.  into  the 
upper  leg.  During the same time interval  the  continuum  temperature  has  risen 
to  970" F. Just  prior  to  its  disappearance,  the  temperature of the  free  molecular 
region  in  the  lower  leg  has  risen  to  740" F. 

Phase  3 covers  the  interval  from  275  to 350 sec.  During  this  time,  the 
continuum  temperature  increases  to 1110 " F as it completely fills the  heat 
pipe  cooling  structure.  Phase 4 extends  from 350 to 790 sec.  The  tempera- 
ture is now uniform  over  the  entire heat pipe  cooling  structure.  At 368 sec,  
which  corresponds  to  the  peak  aerodynamic  heating  rate,  the  temperature  has 
r isen  to  1300 " F. The  peak  temperature of 1712" F is reached  after 500 sec. 
At  650 sec, when  the  cruising  altitude is  reached, the temperature  has  dropped 
to  1585" F. At  790 sec  the  temperature  approaches  the  steady  state  value of 
1540" F. 

According  to  figure 37, the  temperature  exceeds  the  steady  state  vapor 
temperature of 1540" F from  405  to 790 sec, a period of more  than six min 
per  flight.  As a result ,   the  internal  (vapor)  pressure  will   exceed  the  steady 
state  value,  resulting  in  higher  stresses,  and the creep  rate  will  exceed that 
expected  during  steady  state  operation.  Whether  the  increased  stresses  and 
creep  rates  encountered  during a portion of the  climb  transient  can be tolerated 
i s  beyond  the  scope of this  preliminary  study. If design  changes  are  warranted, 
they  will  probably  take  the  form of closer  rib  spacing  and/or  an  increase  in  the 
r i b  and  wall  thicknesses.  Alternately,  the  temperature  excess  can  be  reduced 
by  adoption of a climb  trajectory  for  which  the  dynamic  pressure is smaller  
than  the 2000 psf  which was  assumed  in  the  transient  analysis. 
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Figure 37.  Transient  behavior of heat  pipe  cooling  structure  during  climb. 



The  large  temperature  gradient  associated  with  the  continuum  wave 
front  should  also be examined  with  respect  to  thermal  stress  effects. Con- 
sideration of this  problem  was beyond the  scope of this  study. 

Heat  Transport  Limits  During  Transient 

Entrainment,  boiling,  and  capillary  pumping  limits  were  calculated  as a 
function of time  and  compared  with  actual  heat  transport  rates  to  determine 
whether  disruption of heat  pipe  operation  was  likely  during  the  climb  transient. 
In  addition,  vapor  and  liquid  pressure  drops  were  calculated  as a function of 
time  to  provide  further  information  about  the  stability of heat  pipe flow  and 
heat  transport  processes  during  the  transient. The  methods  and  data of 
Appendixes B and C were  used  in  the  calculations. 

Entrainment limit. - If entrainment  is  not  to  occur,  the  rate of heat 
t ransport  Q from  the  heat  addition  to  the  heat  rejection  section of the  heat 
pipe  cooling s t ructure   ( i .e .  , the heat load) m u s t  not  exceed  the  heat  transport 
ra te  Qe for  entrainment.  Before  continuum  flow  has  been ful ly  established 
over  the  entire  length of the  heat  pipe  cooling  structure, Q is  equal  to  the 
sonic  heat  transport  rate Qs. After  continuum  flow  has  been ful ly  established, 
Q is equal  to  the  net  rate  of  heat  transfer  from  the  leading  edge  to  the  upper 
leg.  From  figure 37,  continuum  flow is ful ly  established  at t = 350 sec,   a t  
which  time  the  continuum  temperature  is 11 10"  F. 

The  appropriate  equations  for Q are  then 

Q = Q  s ,  i 

Q = (ain + ai, I i  - ( C  n s + C Lm) ( T i  i i  - Ti )  , t >350  sec 

In figure 38,  the  actual  heat  transport  rate Q and  the  heat  transport 
rate Qe at which  entrainment  occurs  are  shown  as a function of heat  pipe 
temperature  during  the  climb  transient.  Figure 38 indicates  that Q exceeds 
Q, between 1050 and 11 10"  F. (This  temperature  range  corresponds  to  the 
time  between 295  and 350 sec,  according t o  figure  37.)  Thus,  heat  pipe  opera- 
tion  could  possibly  be  disrupted by entrainment  in  the  interval  between  295  and 
350 sec. 

108 



I 

7 

5 

2 

1 

0.5 

0.2 

0.1 
900 1000 1100 1200 1300 1400 1500 

Temperature, F 

1600 1700 

Figure 38. Heat  transport  rate and entrainment limit during  climb  transient. 
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However, the entrainment limit is not  known  precisely,  and is based  on 
an  experiment  with a single-layer  screen  (ref. 7 ) .  With  multilayer  screens, 
such as have  been  employed  for  the  inner  wick  layer,  the  entrainment limit 
could  be  considerably  larger  than  the  values  which  have  been  calculated. If it 
should  prove  necessary,  the  entrainment limit can  be  increased by reducing 
the  pore  size of the  inner  wick  layer.  For  example, i f  a 400-mesh  screen 
(with a pore  space of 40  microns)  were  used  instead of the ZOO-mesh screen  
(with a pore  space of 70  microns),  the  entrainment limit would  be  raised s u f -  
ficiently so  that Q was  smaller  than Qe for  the  entire  transient  period. 
(See  figure 3 8 . )  

Boiling  and  capillary  pumping limits. - The  diameter of curvature Db 
below  which  boiling  occurs  and  the  minimum  diameter of curvature Dc r e  - 
quired  for  capillary  pumping (i. e.,  the  curvature  needed  for  surface  tension 
to  balance  the maximum difference  between  the  vapor  and  liquid  pressures) 
were  calculated  as a function of time  during  the  climb  transient.  An  upper 
limit of 7 microns  was  assumed  for  the  nucleation  site  radius  in  the  boiling 
calculation. 

The  capillary  pumping  equations of Appendix B, which  were  used  for  the 
calculation of Dc, were  derived  on  the  assumption of isothermal  heat  pipe 
operation.  During  phases of the  climb  transient  when  heat is transported 
through  the  heat  pipe  structure at the  sonic  heat  transport  rate,  appreciable 
temperature  gradients  will  exist  along  the  heat  pipe  length.  The  analysis is  
therefore  approximate,  but  consistent  with  the  assumption of uniform  tempera- 
ture  in  the  continuum  region  which  was  made  in  the  transient  temperature 
analysis.  The  heat  pipe  heat  loads  were  obtained  from  equation (46) .  

To  simplify  the  analysis,  both  legs of the  heat  pipe  cooling  structure 
were  assumed  to be parallel  to  the  horizontal  component of acceleration.  The 
effective  heat  pipe  length and the  static  liquid  pressure  drop  due  to  the  horizontal 
acceleration of 0.5 g were  dependent on the  transient  phase  involved as well   as 
the  elapsed  time.  In  the  calculation of vapor  and  liquid  frictional  pressure  drops, 
the  heat  pipe  length  was  augmented  by 4.9 in.  to  allow  for  the  increased  fric - 
tional  losses  associated  with  flow  around  the  180"  bend at the  leading  edge of the 
heat  pipe  cooling  structure. 

The  boiling  and  capillarv  pumping limit calculations  were  init2ated at the 
start of phase 2. In  phase 2, when  continuum  fronts  are  advancing  into  both 
the  upper  and  lower  legs,  the  heat  pipe  cooling  structure  acts  like  two  heat 
pipes  in  parallel,  each of which  extends  from  the  leading  edge  to  one of the 
continuum  fronts. 

In  phase 3,  when  the  lower  leg  has  been  completely  filled  with  the  con- 
tinuum,  the  entire  structure  behind  the  continuum  front  in  the  upper  leg 
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constitutes a single  heat  pipe.  In  phase 4, the  hot  continuum fills the  entire 
structure,  and  geometric  conditions  are  .identical  to  those  existing  during 
steady  state  operation. 

Results of the  calculations  are shown in figure 39, where  the  minimum 
diameter  of  curvature Dc and  the  diameter of curvature Db below  which 
boiling  will  occur  are  shown  as a function of time. The minimum Dc occurs 
at the s t a r t  of the  evaporator  section  except  in  the  vicinity of 275 sec. At that 
time,  the  minimum Dc occurs at the  evaporator-condenser  interface.  Since 
Dc is always  larger  than Db, it can be concluded that disruptive  boiling  will 
not  occur  during  the  climb  transient.  However, Dc is  smaller  than  the  pore 
opening of 70 microns  in  the  inner  wick  layer  between 340 and 360 sec,  dropping 
to a minimum of  57 microns  at 350 sec. 

In  order  to  prevent  possible  disruption of heat  pipe  operation  in  this  time 
interval,  the  pore  opening  should  be  reduced  below 57 microns.  This  is  con- 
veniently  accomplished  by  the  use of 400-mesh  screen,  for  which  the  pore 
opening  is  about 40 microns,  in  place of the  200-mesh  screen.  This  design 
modification  was  also  suggested  to  prevent  possible  disruption of heat  pipe 
operation by entrainment. 

Vapor  and  liquid  pressures. - The maximum  vapor  pressure,  the  mini- 
m u m  liquid  pressure,  the  vapor  pressure  drop  (frictional  plus  momentum),  the 
liquid  frictional  pressure  drop,  and  the  liquid  static  pressure  drop due to   ac -  
celerat ion  are  shown as  a function of time  in  figure 40 during  the  interval  from 
150 to 350 sec.  The  most  unusual  feature of these  curves  is  the  fact  that  the 
minimum  liquid  pressure  is  negative (i. e.,  the  liquid  sodium  is  in  tension  in- 
stead of under pressure)  over  almost  the  entire  interval,  reaching a maximum 
of -1.0 psi   at  350 sec.  (the  minimum  liquid  pressure  becomes  positive  very 
shortly  after  the  start of phase 4 a t  350 sec.)  

On the  basis of experimental  observations,  Kemme  (ref.  18)  concluded 
that a liquid  sodium  heat  pipe  had  operated  stably  under a negative  liquid 
pressure  within  the  range of 0.8 to  2.3  psi.  Thus, a negative  liquid  sodium 
pressure  of 1.0  psi  appears  feasible.  However,  more  experimental  study  is 
needed  in  this  area,  particularly  when  negative  liquid  pressures  are  encountered 
during a startup  transient in the  presenc,e of vibration. 

If necessary,  the  negative  liquid  pressure  can be reduced  or  eliminated 
by  increasing  the  vapor  and  liquid flow passage  dimensions  (to  reduce  the 
frictional  pressure  drops),  by orienting  the  flow  direction of the  heat  pipe 
fluid  along  the  normal  to  the  leading  edge  (to  reduce  the  liquid  static  pressure 
drop), by  modifying  the  climb  trajectory  to  reduce  aerodynamic  heating  (by a 
reduction  in  the  dynamic  pressure),  or  by  raising  the  continuum  temperature, 
and  hence  pressure,  before  high  aerodynamic  heating  rates  are  encountered 
(by a reduction  in  the  forward  acceleration). 
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Figure 39. Eiameter of curvature  for  capillary  pumping  and  for  no  boiling 
during  climb  transient. 
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Expansion of Liquid  Sodium  During  Startup 

Since  the  sodium heat pipe  liquid  expands  appreciably  when  heated  from 
room  temperature  to  operating  temperature,  this fact must  be  taken  into 
account in the  heat  pipe  design.  For  example,  the  specific  volume of liquid 
sodium at 1540 O F is 24 percent  larger  than at 212 O F. 

Generally, a heat  pipe is loaded  with a slight  excess of liquid  to  insure 
complete  wetting of the  entire  wick.  The  excess  liquid  then  accumulates at 
one  end of the heat  pipe,  inactivating  the  section of heat  pipe  whose  vapor  space 
is  occupied  by  the  liquid.  An  excess of liquid  sodium  in  the  heat  pipe  cooling 
structure  will  not  present  any  problem if  the  excess  liquid  is  located at the 
condensing  end of the  structure,  as will be the case when  the aircraft is sub- 
jected  to  forward  acceleration.  All   that  would be required  is  a slight  increase 
in  length  to  compensate  for  the  inactivated  length  which is filled  with  liquid. 

However, i f  excess  liquid  were  to  accumulate at the  leading  edge, as 
might  well be the case when the aircraft is undergoing  horizontal  deceleration, 
severe  overheating  and  disruption of normal  heat  pipe  operation  could  result. 
For  this  reason,  overfilling of the  heat  pipe  cooling  structure  with  liquid  is 
not  advised.  Only  enough  liquid  should be added  to  just f i l l  the  wick  pores at 
the  normal  operating  temperature. 

In  the  wick  design of figure 30, 19.6  per  cent of the  wick  void  volume  is 
contained  within  the  inner  wick  layer. If all the  wick  pores  were j u s t  filled 
with  liquid at 1540" F, 42 percent of the  pores of the  inner  wick  layer  would 
still be occupied by liquid  sodium at 800 O F, and  the  vapor  -liquid  interface 
would still be  located  within  the  inner  wick  layer.  Maximum  capillary  pump - 
ing  capability  would  then  be  maintained  over a wide  temperature  range,  while 
at the  same  time all of the  liquid  sodium would  be  confined  within  the  wick 
structure.  

On  the  other  hand, i f  enough  sodium  were  added  to j u s t  f i l l  the  wick 
pores at 800"  F, the  resulting  excess  volume of liquid  sodium at 1540" F would 
be  sufficient  to  flood  the  vapor  space  over a length of 1.12  in. If this  liquid 
were  to be concentrated at the  leading  edge,  overheating  and  disruption of heat 
pipe  operation  would  be  likely. 

Conclusions 

The  heat  pipe  cooling  structure  may  encounter  more  severe  operating 
conditions  during  the  climb  to  cruise  altitude  and  speed  than  are  experienced 
during  steady  state  cruise, i f  the  transient  dynamic  pressure  and  acceleration 
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a r e  as high as 2000 psf  and  0.5  g,  respectively.  Modifications  to  accom- 
modate the more  severe  conditions  encountered  during  the  climb  transient 
could  include smaller pores  for the inner wick  layer,   larger flow passages 
for  the heat  pipe  vapor  and  liquid, smaller spacing  between  ribs,  and re - 
orientation of the flow passage  direction,  normal  to  the  leading  edge.  These 
changes  can  be  incorporated  into  the  heat  pipe  cooling  structure  without 
difficulty.  The  extent  to  which  they  would  be  required  would  depend  on the 
precise  nature of the  climb  trajectory.   Excess  sodium  in the heat  pipe  cooling 
structure  could  adversely  affect  operation  during  decelerative  maneuvers,  and 
should  be  avoided. 

DISCUSSION O F  RESULTS 

Summary of Major  Findings 

The  principal  objective of the study  reported  herein  was  to  investigate 
the  feasibility of using  heat-pipe-like  structures  for  cooling  the  leading  edges 
of hypersonic  cruise  aircraft .   In  order  to  achieve  this  end,  parametric 
studies  were  f irst   performed  to  determine  heat  pipe  lengths and  heat  loads  for 
a wide  range of Mach  numbers,  sweep  angles,  leading  edge  radii,  and  tempera- 
tures.  Then  preliminary  design  studies of heat  pipe  cooling  structures  were 
carried  out  for a Mach 8 cruise  condition, a 65"  sweep  angle, a leading  edge 
radius of 0.5  in.,  and a heat  pipe  vapor  temperature of 1540" F. The resul t -  
ing  design  characteristics  were  compared  with  the  characteristics of experi-  
mental  heat  pipes of comparable  dimensions  which  had  been  operated at com- 
parable  temperatures.  The  influence of Mach  number,  leading  edge  radius, 
and  angle of attack  on  design  characteristics  was  investigated.  Finally,  the 
transient  behavior of heat  pipe  cooling  structures  during  the  climb  to  cruising 
altitude  and  speed  was  studied. 

The  results of the  study all point  to  the  conclusion  that  the  use of heat 
pipe  structures  for  cooling  leading  edges  offers a promising  solution  to  one of 
the  cri t ical   design  problems of hypersonic  cruise  aircraft. 

For  Mach  numbers up to  10, leading  edge  radii  in  the  range of 0.25  to 
2 in.,  and  sweep  angles  greater  than  about  50",  cooling  structure  designs  can 
be  developed  which  are  based  on  the  current  heat  pipe  state-of-the-art.  Sodium 
appears  to  be the preferred  heat  pipe fluid.  Operating  temperatures  will be in 
the  range of 1600 to 1800" F, and  the  use of cobalt-  or  nickel-base  superalloys 
appears  feasible.  Chordwise  lengths  will  be  on  the  order of several   feet ,  
lateral  dimensions  will  be  in  the  range of 0.25  to 0. 50 in.,  and  weights  will be 
on  the  order of 2.5  to  3.51b  per f t 2  of surface  area.  Designs  may still be 
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feasible  at  higher  Mach  numbers,  larger  leading  edge  radii,  and  smaller  sweep 
angles,  but  then  they  will  tend  to  approach  more  closely  the  boundaries of the 
current  heat  pipe  state -of -the art. 

At  Mach 8, the  temperature of the  leading  edge of a 65" sweep wing  with 
a 0.5 -inch-radius  leading  edge  can  be  maintained  below 1600 F with a heat 
pipe  cooling  structure  whose  length  in  the  chordwise  direction  is 33 in.  Heat 
loads  and  surface  heat  fluxes  are  comparable  to  or  less  than  those  which  have 
been  encountered  in  experimental  sodium  heat  pipes  with  comparable  dimen- 
sions  and  operating  temperatures. The  liquid  static  head due to  acceleration 
is  generally  comparable  to  or  less  than  static  heads at which  sodium  heat 
pipes  have  successfully  operated. 

Heat  pipe  cooling  structures  should  function  effectively  during  the  climb 
to  cruising  altitude  and  speed, but some  design  characteristics  based on steady 
state  operation  may  require  alteration  to  meet  more  severe  design  criteria 
which  can be encountered  during  the  climb  transient. 

Design  Uncertainties 

A number of design  questions  have  arisen  in  the  course of this  study 
which are  best  resolved  through  an  experimental  program.  Such a program  is 
also  desirable  to  verify  the  predicted  characteristics of heat  pipe  cooling 
structures  during  both  steady  state  and  transient  operational  modes  and  to 
determine  performance  degradation  characteristics  with  time.  Suggcstions 
for  an  experimental  program  are  given  in  Appendix D. 

The  principal  design  uncertainties  which  require  experimental  evalua - 
t ion  are  summarized below. 

1. The  high  heat flux at the  nose  section  combined  with  the  low  heat 
flux along  the  lower  leg of the  heat  pipe  structure  results  in  con- 
densation of heat  pipe  vapor in the  lower  leg  during  the  startup 
(i. e.,  climb)  transient  until  the  hot  continuum  region  has  completely 
filled  the  lower  leg.  This  temporary  reversal of the  normal  evapora- 
tion  process  over a portion of the  heat  input  zone  is  believed  to be  a 
unique,  although  feasible,  mode of operation  which  requires  experi- 
mental  verification. 

2 .  The stability of heat  pipe  operation  under  possible  disturbing  influ- 
ences  during  both  transient  and  steady  state  operation  should be 
established  experimentally. The disturbing  influences of pr imary 
interest  are  vibration,  shock,  and  diffusion of gases  into  the  interior 
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of the  heat  pipe  cooling  structure  from  the  atmosphere.  The 
ability of the  heat  pipe  structure  to  recover its cooling  function 
following  disruption of normal  operation is also of interest. 

3.  In  the  design  studies, a porous  liquid  flow  channel  was  selected 
over a thinner,  lighter  open flow  channel  because  the  porous  channel 
was  believed  to  be  more  stable  under  external  disturbing  influences. 
The  relative  stability of porous  and  open  liquid  flow  channels  should 
be  determined  experimentally. 

4. The  heat  pipe  cooling  structure  will  be  lighter  and  easier  to  fabricate 
i f  only  the  wall  exposed  to  the air s t ream is lined  with  wicking  mater - 
ial,  and  the  designs  which  were  developed  employ  this  feature.  Tests 
of this  simplified  design  concept  are  necessary  to  determine  whether 
temporary  condensation  on  the unwicked walls  during  the  startup 
transient  will  interfere  with  normal  heat  pipe  operation. 

5. In the  process of loading  the  heat  pipe  cooling  structure  with  liquid, 
a small  amount of excess  sodium  may  be  added  to  insure  that  the 
capillary  wick  is  fully  saturated.  The  possible  disruptive  effect of 
excess  liquid  sodium, if it should be forced  to  the  leading  edge  dur - 
ing a decelerative  maneuver,  should be determined  experimentally. 
Information  will  then  be  available  from  which  permissible  tolerances 
on the  liquid  sodium  content  can  be  established. 

6. The simplified  transient  analysis  has  indicated  that  the  heat  loads 
and temperatures  encountered  during  the  climb  transient  may,  in 
some  circumstances,  have  an  adverse  effect on  the  cooling  capability 
of the  heat  pipe  structure.  Experimental  information  is  needed on the 
transient  response of the  heat  pipe  cooling  structure  in  order  to 
identify  trajectories  for  which  startup  difficulties  can  be  expected. 

7. If the  cells of the  heat  pipe  cooling  structure  are  oriented  normal  to 
the wing leading  edge  instead of in  the  chordwise  direction, flow 
lengths  for  the  heat  pipe  fluid  are  reduced,  as  is  the  liquid  static 
head due to  longitudinal  acceleration.  However,  this  orientation 
prevents f u l l  use of heat  pipe  cooling  for  the  wing  leading  edge  in  the 
vicinity of the  fuselage.  It would be desirable  to  experimentally 
compare  the  relative  merits of the two orientations. 
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CONCLUDING REMARKS 

On the  basis of preliminary  design  studies,  comparison of required  heat 
pipe  performance  with  the  current  state-of-the -art, and a transient  analysis, 
heat  pipe  cooling  appears  to be an  attractive,  feasible  technique  for  preventing 
excessive  leading  edge  temperatures  during  hypersonic  flight.  Major  design 
uncertainties  include:  operating  lifetime  in  the  atrn  2here,  limiting  climb 
trajectories  for  assured  startup  capabili ty,   and  recovery of cooling  capability 
following  disruption of the  heat  pipe  liquid  by  external  disturbances. 
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APPENDIX A 

HEAT  TRANSFER  COEFFICIENT  FOR AERODYNAMIC 

HEATING OF  FLAT WING SURFACES 

/ 

The  heat  transferwmefficient h for  aerodynamic  heating of f la t   sur-  
faces of the wing  was  calculated  by  the  method of Van Driest.  Turbulent 
boundary flow was  assumed.  The  needed  local air flow properties at the  flat 
surfaces  were  obtained  from  undisturbed  free  stream  properties  by  assuming 
that  the  undisturbed  free  stream  undergoes a Prandtl-Meyer  expansion  or a 
reversed  Prandtl-Meyer  expansion. 

Local  Free  Stream  Flow  Properties at Flat Surfaces 

Consider a wing with  wedge  angle Y which  moves at an  angle of 
attack a to  the  undisturbed  free  stream at Mach  number M. In  the  sketch 
below,  the  undisturbed  free  stream is shown flowing at  Mach M with  respect 
to  the  fixed  wing.  The  Prandtl-Meyer  angle u is associated  with  the  Mach 
M flow. (The  Prandtl-Meyer  angle u is  the  angle  through  which a flow 
stream  initially at Mach 1 m u s t  expand  isentropically  to  reach  Mach  M.) 
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On  the  upper  sur.face  the  flow is assumed  to  expand  isentropically  through 
the  angle A u = a - Y to  Mach Mu, whose  Prandtl-Meyer  angle is u + 
( a  - Y). Expansions  in  excess of 8"  werg  treated as i f  they  were  8"  expan- 
sions  (ref. 10). 

On  the  lower  surface  the  flow is assumed  to  be  isentropically  compressed 
through  the  angle A v = a to  Mach Me , whose  Prandtl-Meyer  angle is 
u - a .  

The  flow  properties  for  the  undisturbed  free  stream at Mach M a r e  
listed  in  table 23. 

TABLE 23. -PROPERTIES O F  UNDISTURBED AIR FREE  STREAM 
(refs.  6, 21) 

(Dynamic  pressure = 800  psf) :;:: 4 27 

12 440 

~~ ".  .- . . 

w,  lb/ft3 
9 deg Tt* O R  1b/ft3  wt, T/Tt w/wt 

1 . 4 7 0 ~  

102.32 8 980 1.012  0.0476 0.495 0.502 
95.625 5 690 0.575  0.0725 1.414  0.813 
84.955 3 320 0.283  0.1220 5.19 x 

0.337 106.88 13 110 1.635  0.0336 0.206 
~~ - . . . . . . . . 

In  the  above  table, T is  the  temperature,  Tt is the  total  tempera- 
ture ,  w is the air density,  wt  is  the  tot  a1  density,  and v is the 
Prandtl-Meyer  angle.  From  table I1 of reference 21,  flow  properties  cor- 
responding  to  the  Prandtl-Meyer  angles u + ( a - Y )  after  expansion  and 

- a after  compression  may  be  found.  The  total  properties wt and 
Tt   are   assumed  to  be  constant.  The  post-expansion  or  compression  free 
s t ream  propert ies   are   then,  using  the  table I1 data, 

Mach  number = M' 
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The  primes  denote  local  free  stream  conditions at the  flat wing surfaces. 

The  sonic  velocity C’ in  ft/sec is given by 

where k is the ratio of constant  pressure  and  constant  volume  specific 
heats  for air ( = 1.4), g is the  acceleration of gravity  (32.2  ft/sec),  and 
Ra is the  gas  constant  for air (53.3  lb-ft/lb-”  R).  The flow velocity V’ is  

According  to  reference  22,  the  skin  friction  coefficient  Cf is a function 
of M’, T,/T/, and Re’, where Tw is the  wall  temperature  in O R and 
Re’ is the  Reynolds  number.  The  skin  friction  coefficient  is  given  in  figure 
3(b) of reference 22, assuming a constant  value of 2000”R  for T, and l o 6  
for  Re/.  

The  heat  transfer  Coefficient is then  calculated  from  the  expression 

h = c P’V’ (0.6 Cf) ( 50) 
P 

where cp is the constant  pressure  specific  heat of air (0 .24  Btu/lb-OF)  and 
h is the  heat  transfer  coefficient  in  Btu/ft2-sec-”F. 

The  distance x f rom  the   s ta r t  of the flat surface at which Re’ = l o 6 ,  
and  hence  the  distance at which  the h of equation (50) occurs,  is found f rom 
the e quation 

where . p‘ is the  absolute  visocity of air in  lb/sec-ft at T’. Since  the  heat 
transfer  coefficient is a slowly  varying  function of the  distance  along  the  flat 
surface,  and  since  the  distance x corresponding  to Re’ = 106 is on  the 
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order  of 1 to 3 f t  (as  shown  in  table 5), h as calculated  from  equation (50) 
was  assumed  to  be  equal  to  the  average  heat  transfer  coefficient  over  the 
length of flat wing surface  which is covered by the  heat  pipe  cooling  structure. 
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APPENDIX B 

HEAT PIPE  HEAT TRANSPORT LIMITS 

The heat  transport  limits  which  determine  the  heat  transport  capacity 
of  heat  pipes  are:  the  sonic limit, the  entrainment limit, the  isothermal limit, 
the  capillary  pumping limit, and  the  boiling limit. These limits are   descr ibed 
in  detail  in  reference 2. Methods  for  their  calculation  are  summarized  here. 

Sonic  Limit 

The  sonic  heat  transport lirnit Qs in  Btu/sec  is  given by 

where wv is  the  heat  pipe  vapor  density  in  lb/in3, Cv is  the  sonic  velocity 
of the  heat  pipe  vapor  in  ft/sec, A, is the  vapor  space  cross  -sectional  area 
in  in2,  and K is  the  heat of vaporization  in  Btu/lb.  All  heat  pipe  vapor 
properties  are  evaluated at the  evaporator-condenser  interface of the  heat 
pipe . 

It is  also  convenient  to  express  the  sonic  heat  transport limit as  the 
sonic  axial  heat  flux 5 s ,  where 

Sonic  axial  heat f l u x  data  for  sodium  are  given  in  table 22. These  data 
assume  that,  in  the  evaporator  section of the  heat  pipe,  the  vapor  pressure 
drop due to  friction  is  negligible  compared  to  the  vapor  pressure  drop due to 
momentum  generation. When the  vapor  pressure  drop  is  not  negligible,  the 
sonic limit will  be  smaller  than  the  data of table 22. 

123 



Entrainment  Limit 

The  entrainment limit is given by 

Q 
e 

5 ,"  A V = (54) 

where u is  the  surface  tension  in  lb/ft, Dp is the  pore  diameter at the 
liquid-vapor  interface  in  microns, Qe is  the entrainment  heat  transport  
limit in  Btu/sec, 5 e is the  entrainment  axial  heat flux in  Btu/inZ-sec,  and 
Cd is a dimensionless  drag  coefficient.  Entrainment limit data  (ref.  2) 
suggests  that c d  = 3.  33 to  5.00. If the  largest  (more  conservative)  value  is 
used  for cd  in  equation  (54),  

Table 24 gives  entrainment limit data  for  sodium,  potassium,  cesium, 
and  lithium  heat  pipes as a function of temperature,  for a pore  diameter 
of 40 microns. DP 

TABLE 24. 

T 
Temperature,  OF 

1300 
1400 
1500 
1600 
1700 
1800 
1900  
2000 

- ENTRAINMENT AXIAL HEAT FLUX= 

Entrainment axial heat flux, Btu/in2  -sec 

Sodium 

13.8 
17.2 
21.3 
26.5 
32.5 
39.0 
45.8 
52.5 
c- ~ 

Potassium 

13. 3 
15. 5 
18.2 
21.0 
24.0 
27.8 
31.8 
36.3 

Cesium 

6.80 
7.70 
8.65 
9.65 

10.6 
11.3 
11.7 
12.0 

Lithium 

7.70 
10 .0  
13.0 
16.7 
21.6 
27.2 
35.0 
45.0 

"" " . .__ 

a 
Wick  pore  diameter Dp = 40 microns. 
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The  entrainment axial heat flux for  any  pore  diameter Dp can be 
obtained  from  the  above  data  and the expression 

where E e  (40) is the axial heat flux when Dp = 40 microns  and .(Dp) is 
the axial heat flux for  any DP' 

Isothermal  Limit 

The  isothermal limit refers  to  the  heat  transport   rate at which  the 
temperature  drop  along  the  heat  pipe  length  exceeds  some  specified limit. It 
is determined by finding  the  heat  transport  rate at which  the  vapor  pressure 
drop in the  heat  pipe  corresponds  to a specified  allowable  drop  in  the  saturation 
(i. e.,  vapor)  temperature.  Generally,  for  the  liquid  metals  the  saturation  or 
vapor  temperature  drops  about 1.5 to  2.0" F for  each  per  cent  drop in the 
vapor  pressure.  If the vapor  pressure  drop  does not exceed 1 per  cent,  the 
heat  pipe  may  be  considered as isothermal  for  practical  purposes. 

Calculations of the  isothermal limit, as wel l   as  of the  capillary  pumping 
limit, were  performed  for  the  three  cross-sections of figure 26. To  facilitate 
the  calculations,  pressure  drop  expressions  were  presented  in a form  which 
would be applicable to any of the  cross  -sectional  geometries. 

The axial heat flux 6 , which is  utilized  in  the  calculations,  can  be 
expressed  in  the  general  form 

where 6 is the axial heat flux in  Btu/in2-sec, Q/B is the  heat  pipe  heat 
t ranspor t   ra te   per  unit  span  length in Btu/in-sec, Hv is the  vapor  space 
thickness  in  inches,  and is a dimensionless  geometric  parameter  which is 
defined  below. 
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Cross  -section 

Circular,  figure 26A 

n 
Rectangular,  figure 26B 

Rectangular,  figure 26C 

4[1 t lT w a -1 2(t S t   S t  ) 
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W 1 t -  
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2 ( t  + t  S t  ) 
a w  1 t  W 
V 

In the above  definitions of , Wv is the vapor  space  width,  is  the 
wall  thickness, ta is the  thickness of the  liquid  flow  channel,  and fp is 
the  thickness of the  inner  wick  layer. 

The  vapor  pressure  drop  can  be  expressed  in  the  form 

A P  = b L  
V H 

3 
V 

where L is the  heat  pipe  length  in  inches, A P v  is the  vapor  pressure 
drop in psi,  and b and c are  dimensional  parameters  which  are  functions 
of the  physical  properties of the  heat  pipe  fluid.  The  parameters b and c 
a r e  defined as follows: 

1 . 4 9 8 ~  
V b =  

K W  
V 

c = -  3.28 

K W  
L 

V 

(59) 

In  the  above  equations, p is the  vapor  viscosity  in  lb/ft-sec, wv is the 
vapor  density in  lb/ft3,  and K is the  heat  vaporization  in  Btu/lb. The con- 
stant  in b includes  the  factor  l/g,  where g = 32.2 ft/sec2,  for  dimensional 
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consistency.  Table 25 (on  page 130) gives b and  c,  along  with  other 
fluid-property-dependent  functions,  as a function of temperature  for  sodium. I 

In  equation ( 5 8 ) ,  the   f i rs t   term on the  right  hand  side  is  the  frictional 
pressure  drop, and  the  second  term  is   the  pressure  drop due to  momentum 
generation.  The  frictional  pressure  drop'term  is  based  on  the  assumption  of 
laminar  vapor flow. This  assumption  is  valid  for  most of the  heat  pipe  cool- 
ing  structure  designs  which  were  considered. 

In  calculating  the  pressure  drop,  the  actual  heat  pipe  length  was 
augmented  to  account  for  the  increased  pressure loss around  the 180 O bend 
a t  the  leading  edge. Data for  the  equivalent  length of straight  pipe  with  the 
same  pressure  drop  as  a particular  bend  are  given  in  reference 23 as  a 
function of pipe  diameter  and  the  ratio of the  bend  radius  to  the  pipe  diameter. 
Fo r  the  preliminary  design  studies  described  in  this  report,  the  equivalent 
length  to  account  for  bend  friction  was  estimated  to  be 4.9 in.  This  length 
was  added  to  the  actual  heat  pipe  length  for all pressure  drop  calculations. 

In  equation  (58),  the  assumption  is  also  made  that  the  surface  heat flux 
is  uniformly  distributed  over  the  heat  input  section  and  the  heat  rejection 
section.  While  the  assumption  is  quite good for  the  heat  rejection  section,  the 
heat flux over  the  rounded  leading  edge  is  quite  nonuniform,  as  is  evident 
from  equation ( 1 ) .  It m a y  be  shown that,  for  laminar  fluid  flow  in  the  heat 
pipe,  the  heat flux distribution of equation  (1)  results  in a pressure  drop along 
the  curved  leading  edge  which  is 3 3  per  cent  larger  than would  be  the  case i f  
the  heat flux distribution  were  uniform.  However,  because  the  peripheral 
length of the  leading  edge  is  small  compared  to  the  total  heat  pipe  length,  the 
overall   increase in the  frictional  pressure  drop due to  the  nonuniform  heat 
flux  distribution  over  the  leading  edge  is  small, and  was  neglected  in  the  cal- 
culations. 

From  equation ( 5 8 ) ,  the  heat  transport  rate  corresponding  to a given 
axial  temperature  drop  (and  hence, a specified A Pv), can be found.  Con- 
versely,  the A Pv (and  hence  the axial temperature  drop)  corresponding  to 
a given  heat  load  can be determined. 

Capillary  Pumping  Limit 

The  capillary  pumping limit is  the  maximum  heat  transport  rate  for 
which  the  pressure  difference  across  the  cornmon  interface  between  the  heat 
pipe  vapor  and  liquid  can be sustained by surface  tension.  The  capillary 
pumping limit can be determined  from  one of the  following  equations. 
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Equation  (61)  gives  the  vapor  -liquid  pressure  difference Pv - Pf in 
psi   at   the beginning of the  evaporator  section,  while  equation (62)  gives 
Pv - Pg at  the  evaporator-condenser  interface.  Generally,  equation  (61) 
results  in a la rger  Pv - P! , and  is  used  for  the  capillary  purnping limit 
calculation.  However,  because  the  heat  pipe  cooling  structure  includes a 
180"  bend,  the  liquid  static  pressure  drop  due  to  acceleration  (the  last  term  in 
the  above  equations)  is  greater at the  evaporator  -condenser  interface  than  at 
the  beginning of the  evaporator.  Hence, it is  possible for the Pv - PI to  be 
largest  at  the  evaporator  -condenser  interface,  even  though  the  frictional  pres - 
sure  drops  are  smaller  at  that  location  than  at  the  beginning of the  evaporator 
section. 

In  the  above  equations, TV is  the  liquid  density  in  lb/ft3,  LC  is  the 
condensing  (heat  rejection)  length  in  inches, La is the  straight-line  distance 
between  the two ends of the  heat  pipe  cooling  structure  in  inches, nj is  the 
jth  component of acceleration  in  number of gls, Dc is  the  diameter  of 
curvature  at  the  liquid-vapor  interface  in  microns,  and "j  is  the  angle  between 
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the  jth  component of acceleration  and  La  [in  equation  (61) J or   LC [ in 
equation (62)) . The  parameter 6 accounts  for  differences in the  liquid  flow 
channel  geometry of the  cross-sections of figure 26, and  the  parameter E 

is  the  ratio of the  liquid  pressure  drop  in a porous flow  channel  to  the  pressure 
drop in an  open  flow  channel  with  the  same  geometry  and  dimensions.  When 
an  open  flow  channel  is  under  consideration, E = 1 .  Expressions  for 6 and 

a r e  given  below. 

Cross  -section 6 .- . . € 

Circular,  Figure 26A H 

H t 2 t  + t  
V 

V P a  
-Kt 

2 
8 a  

2 W  
Rectangular,  Figure 26C (2t + ) 

V 

V V P a  

K 2  
“t 
8 a  

In  the  above  expressions, K is the  porous  flow  channel  friction  factor  in 
in. . -2 

The  fluid  property  parameters b and c have  already  been  defined 
by  equations  (59)  and (60) .  The additional  fluid  property  parameters  a, c’, 
and d a r e  defined a s  follows: 

c l =  - - 2024 - 0 . 6 8 2 ~  2 
K W  

V 



In the above  equations, u is the surface  tension  in  lb/ft, wP is the liquid 
density  in  lb/ft3,  and pP is the  liquid  viscosity in lb/sec-ft.  Again,  the 
gravitational  factor  1/32.2 ft/sec2 is included  in  the  numerical  constant of 
equation ( 6  5). 

The  fluid  property  parameters  for  sodium are given  in  table  25 as a 
function of temperature.  The  liquid  density w is given  in  Appendix C .  P 

TABLE 25. - FLUID  PROPERTY  PARAMETERS FOR SODIUM 

Tempera - a, 

ture,  O F  
p s i -  

micron 

1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 

80.0 
76.7 
73.6 
70.4 
67.0 
63.6 
60.5 
57.2 
54.1 
50.9 

b, 
psi-sec-in3 

Btu 

8. 5 5 ~ 1 0 ‘ ~  
4.42 
2.60 
1.487 
0.975 
0.645 
0.43 5 
0.306 
0.226 
0.1718 

c ,  
psi-secZ-in4 

Btu 
2 

7 . 9 0 ~ 1 0 ’ ~  
4.00 
2.18 
1.300 
0.840 
0.550 
0.365 
0.254 
0.184 
0.1392 

Btu 
L 

5. ~ O X I O - ~  
2.73 
1. 50 
0.888 
0.570 
0.376 
0.250 
0.1732 
0.1220 
0.0952 

psi-sec -in 
Bt u 

d, 3 

5 . 6 9 ~ 1 0 ‘ ~ ~  
5.46 
5.25 
5.09 
4.97 
4.90 
4.83 
4.74 
4.69 
4.60 

To  find the capillary  pumping heat t ransport  limit, Q is solved  from 
equations  (61)  and  (62)  for Dc = Dp, where Dp is the  effective  pore  dia- 
meter  (i.e.,   minimum  possible  diameter of curvature) of the  inner  wick  layer. 
The smdler   va lue  of Q is  the  capillary  pumping limit. Alternatively,  the 
Dc for a given Q can be calculated  from  equations  (61)  and  (62).  Then  the 
pore  diameter Dp must  be less  than  the  smaller of the two calculated De's 
if  the  given Q is to  be  transported  through  the  heat  pipe  without  breakdown 
of the  capillary  pumping  mechanism. 

Boiling  Limit 

The  boiling limit is  the  heat  transport  rate at which  boiling of the  heat 
pipe  liquid  in  the  capillary  wick is initiated.  In  heat  pipe  design, it is simpler 
and  more  convenient  to  establish  whether  the  actual  heat  transport  rate is less  
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than  or  larger  than  the  boiling limit, instead of calculating  the  boiling limit 
itself.  This  approach  was  used in the  heat  pipe  analyses  which  were  performed 
for  this  report. 

It can  be shown" that boiling  will  be  initiated  at  the  inner  wall  surface of 
a heat  pipe when 

where Two is  the  wick  temperature  at  the  wick-wall  interface  in OR, Tv 
is  the  heat  pipe  vapor  temperature in O R ,  kc is the  mean  thermal  conduc- 
tivity of the  heat  pipe  wick, t, is  the  wick  thickness,  hi is the  interface 
,heat  transfer  coefficient  with  the  same  units  as (k/t)c,- (T ) i s  a 
fluid  parameter  in OR- micron  which  is  evaluated at T = 1/2 (Two + Ti), 
Ti  is  the  wick  temperature  at  the  liquid-vapor  interface  in O R ,  'I' is  the 
mean  wick  temperature  in OR, and A i s  a geometric  parameter  defined by 

Rn  Db a =  
Db - 2 R  n 

In  equation (67), Rn  is  the  radius of nucleation  sites  at  the  inner  wall  sur- 
face  from which  vapor  bubbles  originate,  and Db is  the  diameter of curva- 
ture  at  the  liquid-vapor  interface.  All  dimensions  in  equation (67)  are  in 
mic r  ons . 

For  vapor  pressures below  about 0.1 psia,  the  interface  heat  transfer 
coefficient  hi  can  be  evaluated  from  gas  kinetics  considerations  (ref. 24). 
At higher  vapor  pressures,  hi  is  not known accurately, but generally  is 
large  compared  to (k/t),. It  is  assumed  here  that  hi >> (k/t),. Then 
Ti = Tv, T = 1/2 (Two t Tv),  and  equation (66)  reduces  to 

- 

J- 
-P Unpublished  analysis of author. 
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where qb is the  surface  heat flux at which  boiling is initiated. 

Now if qb, is taken  to  be  the  actual  surface  heat flux of the  heat  pipe, 
Two - Tv is just  the  temperature  drop  across  the  wick,  and T is the 
mean  wick  temperature. The value of A required  for  the  initiation of boiling 
is then,  from  equation  (68). 

- 

A = (5) - 

The  required  diameter of curvature Db below  which  boiling  will 
proceed  is  obtained by substituting A from  equation (69)  into  equation  (67) 
and  solving  for Db. Thus, 

D =  
b 

4 R  n (") W K  

\ v /  
/ - \  

If Db < D the  boiling limit will be larger  than  the  actual  heat  transport 
rate,  and  boiling  will  not  occur. If  Db 2 Dc, the  boiling limit will  be 
equal  to  or  less  than  the  actllal  heat  transp.ort  rate,  and  boiling  can be expected. 

c.' 

The  solution of equation (70)  requires a  knowledge of the  nucleation  site 
radius Rn.  While there  are  little  definitive  data  on  Rn  for  liquid  metal 
heat  pipes,  an  upper limit of 3 to 7 microns  has  been  estimated  for  sodium  heat 
pipes  from  the  experimental  data of reference 7. Recent  measurements of 
the  liquid  superheat  necessary  to  initiate  boiling of liquid  sodium  (ref.  25) 
correlate  with  an  effective Rn of 0.81 microns.  Therefore,  Rn  for  liquid 
metal  heat  pipes  can  reasonably  be  expected  to  lie  within  the  range of 1 to 7 
microns,  most  probably  closer  to  the  lower limit. The larger  the  value of 
Rn  which  is  selected,  the  more  conservative  will  be  the  calculation  for Db 
(i. e.,  the  larger  will  be Db). 

-8. 

To  facilitate  the  calculation of  Db, the  boiling  parameter ( uT/wv K ) 
is  given  in  table 26 as  a function of the  mean  wick  temperature  for  several 
liquid  metals. 

* 
7. Unpublished  calculation of author. 
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TABLE 26. - BOILING PARAMETER FOR LIQUID METALS 

Mean wick 
temperature,  O F 

9 00 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2200 
2400 
2600 
2800 
3000 

Sodium 

26 50 
1325 

725 
425 
265 
175 
112.5 

77.5 
55.0 

( 5) , microns - OR 

Potassium 

1325 
6 50 
390 
215 
132.5 

81.0 
56.0 
38.5 
27.0 
19.5 

Cesium 

29 5 
202 
135 

86.5 
57.5 
38.5 
26.0 
18. 0 
12.6 

Lithium 

3450 
147 5 
660 
33 5 
185 
106 
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APPENDIX C 

LIQUID METAL  PROPERTY DATA 

Liquid  metal  property  data  needed  for  heat  pipe  calculations are listed 
below.  The  data  was  obtained from  references 26 through 29. 

The symbols used  are  defined as follows: 

P V  

WV 
W 

1 
P V  

P I  
k d  
C 

K 
d 

0- 

vapor  pressure 
vapor  density 
liquid  density 
vapor  viscosity 
liquid  viscosity 
liquid  thermal  conductivity 
liquid  specific  heat 
heat of vaporization 
surface  tension 
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Btu/hr-ft- Btu/ lb-"F CP 

" F  

Sodium 

1300 

44.5 50.0  48.  1900 
7.50 1648 0.310 31.6  0.356 0.0562 45.8 22.0  20.8 1700 
8.30  1695 0.304  33.0 0.392 0.0532 47.2 8.8  7 .2  1500 
9 . 0 5 ~ 1 0 - ~  1742 0.301  34.6 0.444  0.0500 48.6 2 . 7 ~ 1 0 - ~  2.1 

6.75 1606 0.318 30. 5 0.326  0.0591 
2100 6.00 1564 0.330 29.5 0.300 0.0620 43.3 96.0  100. 

P o t a s s i u m  

1500  24. 5 50.0 
1700  107. 
1900 110.  205. 

Ces ium 
L 

20.3 
18.6 
16.9 
15.3 

I I 

0.185 
846 0.189 

5 . 2 7 ~ 1 0 - ~  881 

3.80 782 0.205 
4.28 813 0.195 
4.77 

I 
13.8 3.28 7 52 0.215 

900  1.6 2 ~ . ~ 1 0 - 3   9 9 . 5  0.0576  0.470  10.8 3 . 5 6 ~ 1 0 - 3  228 0. 057a 
1100  6.6  65.  95.2  0.0617  0.420  9.97 
1300  20. 0 152.  91.0  0.0657  0.377  9.18 

3. 15  218 

1.92  189 1700  97.  680.  82.0  0.0726  0.320  7.60 
2.32  199 1500  48. 0 360.  86.5  0.0692  0.345  8.38 
2.74  209 

Lithium 

2000 
2200 
2400 
2600 
2800 
3000 

2. 1 
5.  5 

13. 0 
27.2 
54. 
97. 

0 . 6 ~ 1 0 - ~  
1.47 
3.35 
6.7 

12.2 
21.0 

a For   t empera tu res   g rea t e r   t han   570"  F. 
Est imated  values .  

27.2 
26.7 
26.3 
25.8 
25.4 
25.0 

0.0424 
0.0445 
0.0470 
0.049 1 
0.0510 
0.0530 

0.500 
0.460 

29.1 
29.4 
29.7 
30.0 
30.3 
30.6 

0.986 
0.983 
0.980 
0.976 
0.973 
0.970 

14. Zb 
13. Ob 
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APPENDIX D 

EXPERIMENTAL PROGRAM 

An experimental  program  to  resolve  questions  relating  to  design  and 
operation of the  heat  pipe  cooling  structure  should  include  both  short  and  long 
term  tests.  These  tests  can  best  be  carried  out  under  static  conditions  in  the 
laboratory,  using  electrical  heaters  to  simulate  aerodynamic  heating  and  con- 
trolled  atmospheres  to  simulate  desired  environmental  conditions. 

The  short   term  tes ts  would  include  steady  state  and  transient  tests 
designed  to  measure  the  heat  pipe  temperature  distribution  as a function of 
heating  rate  and  various  conditions of vibration  and  acceleration.  Since  the 
effect of acceleration  is  to  develop a static  pressure  head  in  the  liquid  sodium, 
its  effect  can  be  simulated  by  inclination of the  test  heat  pipe  at  an  appropriate 
angle  to  the  horizontal.  The  long  term  tests  would  measure  possible  changes 
in  heat  pipe  temperature  from  gaseous  diffusion,  oxidation,  and  internal 
corrosion.  The  heat  pipes  undergoing long t e r m   t e s t  could  operate  continuously 
under  steady  state  heating  conditions,  or  could  be  cycled  to  conform  to  antici- 
pated  flight  patterns. 

It is  suggested  that  the  Mach 8 design  with a leading  edge  radius of 0.5  in. 
and a sweep  angle of 65"  be  considered  as  the  basis  for  test  models.  The  over- 
all dimensions would then be as  shown in  figure 30,  and  would  be  compatible 
with  requirements  for a laboratory-scale  test   program. 

Test  models  would  consist of single  sodium  heat  pipes of rectangular 
cross  -section  equivalent  to  that of a single  cell  between  ribs of the  heat  pipe 
cooling  structure.  To  facilitate  fabrication and reduce  dimensional  tolerance 
requirements, it may  be  desirable  to  use  thicker flow channels  for  the  vapor 
and  liquid  flow  passages  in  the  initial  test  models  than  are  called  for  in  the 
Mach 8 design.  It m a y  also be necessary  to  stiffen  the  lateral  walls,  since 
the  internal  and  external  pressures  on  the  lateral  walls of a single  cell   are no 
longer  balanced  as  they  are  in  the  multicelled  designs.  Also,  thermal  in- 
sulation  should  be  used  for  all  external  surfaces of the  test  models  except  the 
surface  which  simulates  the  external  surface of the  wing.  During  testing,  heat 
t ransfer  t o  and from  the  heat  pipe  should  be  confined  to  the  uninsulated  surface, 
which  should  be  preoxidized  prior  to  testing. 

It  is  suggested  that  the  five  models  shown  in  figure 41  be  considered  for 
a static  test  program.  Model 1 is a straight  heat  pipe  which  is f u l l y  wicked, 
with a porous  liquid  sodium  flow  channel; it is  intended  as a reference  model 
to  establish  basic  heat  pipe  performance.  Models 3 and 5 have  the  same 
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4. 

Notes- 1. Nottoscale. 

2. Bent models  are  configured to simulate  maximum 
longitudinal  acceleration of 0.5 g. 

Front View Cross-section 

1-1 Vapor space 

mmnm Capillary Screen wick 

rTA  Liquid flow channel  (porous) 

-4 Liquid flow channel  (open) - Wall 

Thermal  insulation 

Figure 41. Heat  pipe static test model  configurations. 
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cross-section as Model 1, but  are  bent  to  simulate  the  liquid  static  head due 
to  longitudinal  acceleration.  Model 3 simulates  the  application of 0 .5  g to a 
heat  pipe  which is oriented  in  the  chordwise  direction.  Model 5 simulates  the 
application of 0.5 g to a heat  pipe  which  is  oriented  along  the  normal  to  the 
leading  edge. In model 5 the  heat  pipe  length  has  been  reduced by cos A , 
where A is the sweep  angle,  and  the  component of acceleration  along  the 
heat  pipe axis has  also  been  reduced  by  cos A .  

Models 3 and 5 can be tested  under  lower  simulated  accelerations  simply 
by  inclining  the  plane  defined  by  the  heat  pipe  legs at an  appropriate  angle  to 
the  horizontal.  Decelerations  can be simulated  by  orienting  the  heat  pipes 
with  the  bend  below  the  ends of the  legs. 

Models 2 and 4 a r e  intended  to  test  the  adequacy of design  modifications 
which  can  result  in  lower  weight,  simplified  fabrication,  and  reduced  costs. 
Model 2 uses  an  open  liquid flow  channel  which  is  thinner  and  lighter  than a 
porous  channel,  but  has  lower  refilling  capability if  the  liquid  sodium  column 
should  be  disrupted by external  disturbances. It i s  shown as  a straight  heat 
pipe  to  avoid  possible  distortion of the  flow  channel  during  bending.  Model 4 
is wicked  only on the  uninsulated  surface,  and  is  lighter,  cheaper,  and  easier 
to  fabricate than a fully-wicked  heat  pipe.  However,  condensation of liquid 
sodium on  the  inner,  unwicked  walls  during  startup  could  possibly  interfere 
with  normal  heat  pipe  operation. 

It would  be  highly desirable  to  analytically  predict  temperatures  and 
heat  transport  limits for  the  models  under  test  heating  and  environmental 
conditions , so  that  the  adequacy of calculational  methods  can be evaluated. 
In  support of the  calculational  effort, a supplementary  test   program  to  measure 
the flow resistance of the  liquid  flow  channels  and  the  effective  pore  size of 
the  inner  wick  layer  may be warranted. 

Following  successful  conclusion of the  static  test  program,  dynamic 
testing  in a hypersonic wind  tunnel  may  then  be  undertaken  with a model  which 
is accurately  configured  to  the wing shape. A multicelled  model  which is 
similar to a section of the  actual  heat  pipe  cooling  structure would  probably 
be  preferable  for  dynamic  testing.  (See  figure  30.) 
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